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Abstract 
Fuel cells (FCs) have attracted considerable attention for replacing batteries in 
many electronic devices. Among different types of fuel cells, the proton exchange 
membrane fuel cell (PEMFC) is most widely investigated. Air-breathing proton 
exchange membrane fuel cells (AB-PEMFCs) have received more attention in 
recent years because of the simplifications in the fuel cell system, which makes it a 
good choice for portable applications. However the simplifications also causes a 
rather low performance and this is attributed to the low mass and heat transfer 
coefficients. In this thesis, a mathematical model has been developed in order to 
investigate the overall performance of the fuel cell system, and the local 
performances of two important components, i.e. the gas channel (GC) and gas 
diffusion layer (GDL) have been studied by a CFD model and a gas permeability 
experiment, respectively. 
The mathematical model presented in this thesis is based on the conservation of the 
mass and heat transfer in order to investigate the effects of the different parameters 
on the fuel cell overall performance. A new revised water transport relation is 
applied in this model, which makes it possible to study the effect of the hydrogen 
relative humidity (RH). The results show that, among all the different operating 
parameters, the hydrogen RH can significantly improve the performance of AB-
PEMFCs and the GDL is an important component in improving the transport and 
water management issues. 
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In addition, a computational fluid dynamics (CFD) model for the anode channels 
in AB-PEMFCs is developed by employing the Volume of Fluid (VOF) method. 
The dynamics of the liquid water are studied under different flooding conditions. 
The modelling results show that the initial position of the accumulated droplet and 
the hydrogen velocity have little effect while the droplet size and the channel 
wettability can largely influence the local performance in the channels, e.g. the 
water removal time and the pressure drop. Also it is found that the trade-off between 
the pressure drop and the removal time should be considered when designing 
practical products.  
Further, the GDL thickness is found to be important in determining the performance 
of the AB-PEMFCs in the modelling work. In order to produce the GDLs with 
different thicknesses, an experimental investigation has been conducted to study 
the effect of the stacking of single GDL layers, and the through-plane gas 
permeability is investigated, which is one of the most important properties of GDLs. 
Compared with previous studies, the gas permeability of the GDL stacks is 
investigated instead of a single GDL layer. The calculation results show that the 
stacking of layers has only a small influence on the overall gas permeability of the 
GDL stack. In addition, a tighter contact between each layer in the GDL stacks is 
found to increase the overall gas permeability of the GDL stacks. 
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Chapter 1: Introduction 
Summary 
This chapter introduces the current state of energy consumption in the world and 
the development of fuel cells (FCs). The energy consumption state is shown in 
Section 1.1. The development of FCs is introduced in Section 1.2, where the 
classification and application of FCs are discussed separately. Finally, the aims, 
significance and limitations of this work are summarized in Section 1.3. 
1.1 Current state of energy consumption 
Energy is closely related to the development of society and people’s daily life. In 
the last few decades, with the rapid increase of population in the world, the 
consumption of energy has received more and more attention. Especially in the last 
twenty years, the environmental pollution caused by the use of energy has become 
a serious problem, since the burning of fossil fuels can produce a large amount of 
carbon dioxide and some other harmful gases. But, in general, nowadays fossil fuels, 
e.g. oil, coal and natural gas, still account for the largest proportion of energy 
consumption in the market. Fig. 1-1 and 1-2 have shown the energy consumption 
in last few years, from the BP’s Statistical Review of World Energy 2018 [1], it can 
be seen that the total consumption of energy has been evidently increasing in the 
last years and fossil fuels still account for nearly 85% of the world energy 
consumption by fuel in 2017. In addition, it is also clear that the percentage of 
renewables in total energy consumption has shown a great increase in the last ten 
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years, which indicates the big potential of renewables in the energy market. The use 
of fossil fuels will cause many environmental issues, such as climate change and 
environment pollution. In addition, these fuels are unsustainable, and the reserves 
are limited. Regarding this situation, many renewable and clean energies have 
received more attention. 
 
Figure 1-1 The state of energy consumption in recent years (total quantities) [1]. 
 
As mentioned, renewables have shown a great potential in the energy market. Fig. 
1-3 shows the development and prediction of the total power generation by different  
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Figure 1-2 The state of energy consumption in recent years (percentage) [1]. 
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energies. The percentage of power generated by renewables accounts for only 7% 
in 2017 of the total power generation, but it will be almost 25% in 2040. From 2017 
to 2040, the percentage of total power generated by fossil fuels will decrease from 
around 68% to 53%. Based on this situation, in order to reduce the use of fossil 
fuels and solve the environmental problems, the development of renewable and 
clean energies is important and urgent. 
 
Figure 1-3 The prediction of the total power generation by different energies [2]. 
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1.2 Fuel cell development 
Among the different devices for producing power, the FC is one of the most 
promising devices, where the chemical energy from a fuel is converted to electricity 
through electrochemical reactions [3]. Compared with other electricity-generating 
facilities, the FC has many advantages, e.g. high efficiency, fast response and high-
power density. In addition, FC systems employ many common and renewable fuels, 
such as hydrogen, methanol, ethanol and natural gas (NG). 
1.2.1 Fuel cell classification 
Based on the nature of the electrolytes and the working temperature, FCs can be 
classified as: low-temperature proton exchange membrane fuel cells (PEMFCs), 
alkaline fuel cells (AFCs), microbial fuel cells (MFCs) and phosphoric acid fuel 
cells (PAFCs); high-temperature molten-carbonate fuel cells (MCFCs) and solid-
oxide fuel cells (SOFCs). Details of different types of FCs are shown in Fig. 1-4, 
such as the operating temperatures, general cost, reaction processes and etc. It can 
be seen that the efficiency increases with increasing the operating temperature, and 
this is due to the large amount of generated heat which can be used in other 
combined systems. Among these FCs, SOFCs and PEMFCs are considered to be 
the most competitive products in future commercial markets because of high 
durability and mature technologies. 
1.2.1.1 Proton exchange membrane fuel cell 
PEMFC is the most-widely discussed FC and is already employed in many 
commercial products. The running mode of PEMFCs is shown in Fig. 1-5(a). The 
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only final reaction product is water, and this has made PEMFCs become one of the 
most favourable green power sources. In addition to hydrogen, fuels such as ethanol 
and methanol can also be used at the anode side. The operating temperature is about 
20-100 °C, which enables PEMFCs to start and operate under a normal atmospheric 
temperature without a preheating process. Due to these characteristics, PEMFCs 
have shown a great potential to replace conventional batteries in electronic devices 
in our daily life.  
 
Figure 1-4 Details of various FCs, e.g. temperature, efficiency and material cost 
[4]. 
 
An illustration of the components in FCs is presented in Figure 1-6. A FC normally 
consists of current collectors (CC), gas diffusion media (GDM), catalyst layers 
(CLs) and a membrane. CC is linked to external electrical systems and works as 
pathways for electrons transfer. GDM consists of the GDL and MPL, and plays an 
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important role in the mass transport and water management. CL is the place where 
the electrochemical reactions occur, and the properties of the catalysts can 
 
Figure 1-5 A schematic diagram of various FCs: (a) PEMFCs; (b) AFCs [5]. 
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significantly influence the kinetics of the reaction. A selective membrane is 
normally chosen according to the employed fuels. 
Although the development of PEMFCs is already mature, there are still many 
important problems that need resolving. For example, water management is an 
important issue in PEMFCs because water is produced at the cathode catalyst layer. 
This problem is closely related to both the flooding at the cathode and the dry-out 
of the membrane. Both of these problems reduce the performance of PEMFCs. 
Another widely-mentioned problem is the high cost of the electrodes and 
membranes, e.g. noble metal platinum is used as the catalyst in almost all 
commercial products. 
 
Figure 1-6 Illustration of the components in FCs (left) and the catalyst-coated 
membrane (CCM) (right) [6]. 
 
1.2.1.2 Alkaline fuel cell 
The AFC is another kind of the most discussed FCs and has been studied since the 
early 20th century [7]. As shown in Fig. 1-5(b), hydroxyl (OH−) is the conducting 
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ion and this moves from the cathode to the anode, and this is different from 
PEMFCs, where the protons (H+) serve as the conducting ion and this moves from 
the anode to the cathode. Unlike the solid electrolyte use in FCs, the alkaline liquid 
electrolyte is normally used in AFCs. Since this electrolyte can be made from 
various inexpensive materials, AFC is almost the cheapest kind of FCs. Another 
advantage of the AFC is that it can achieve a relative high electricity efficiency, 
about 65%, without the use of precious metal catalysts. However, the use of an 
alkaline liquid electrolyte causes some problems. One is the carbonate problem, 
AFC is very sensitive to CO2, and a side reaction often occurs. From Eq. (1-1), it is 
shown that the carbonate is produced by the reaction between OH− and CO2, which 
may reduce the concentration of OH− and block the pores for transport. Flooding 
and drying problems also occur in AFCs since the liquid electrolyte is difficult to 
control [8]. In order to solve these difficulties, the use of a solid electrolyte in the 
alkaline anion exchange membrane fuel cells (AAEMFCs) have received more 
attention in recent years, but the technology for this kind of FC is still developing.  
𝐶𝑂2 + 2𝑂𝐻
− → 𝐶𝑂3
2− + 𝐻2𝑂                                                                           (1-1) 
1.2.1.3 Phosphoric acid fuel cell 
PAFCs are moderately high temperature fuel cells, whose operating temperature is 
about 200-300 °C. For this reason, although the electricity efficiency for PAFCs is 
usually 36% to 45%, it can reach 85% if PAFCs are with cogeneration. In PAFCs, 
liquid phosphoric acid (H3PO4) in silicon carbide (SiC) is used as the electrolyte, 
which is a common and inexpensive fuel. This makes the PAFC a possible choice 
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for commercialization. However, hydrocarbon fuels that are used in PAFCs may 
cause greenhouse gas emissions and this may lead to catalyst poisoning. Therefore 
how to replace hydrocarbon fuels in PAFCs is still a problem before it can achieve 
a wide utilization.  
1.2.1.4 Microbial fuel cell 
The MFC is a new type of FCs that has been developed in recent years and it has 
received more attention and thus becoming a potential alternative energy source in 
the future. The system of MFCs is similar to that of conventional FCs. However, 
various microorganisms with possible catalytic capabilities have replaced the 
widely-used metal catalysts in MFCs. These microorganisms are able to convert the 
chemical energy from organic fuels to electricity. A schematic of a two-chamber 
MFC is shown in Figure 1-7. It can be been seen that a proton exchange membrane 
is employed in MFCs in order to provide a pathway for protons to transfer from the 
anode chamber to the cathode chamber. It should be noted that, although carbon 
dioxide is produced as products in MFCs, there is no net carbon emission since the 
produced CO2 initially comes from the atmosphere. A significant characteristic of 
MFCs is that microorganisms can make use of the chemical energy from various 
organic fuels, such as biomass and even wastewater. This means that MFCs can 
assist with biodegradation/treatment of biodegradable products as well as produce 
electricity, which can reduce the waste pollution in our cities [9]. 
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Figure 1-7 A schematic of a typical two-chamber MFC with the illustration of 
different electro-microbiological and electrochemical processes [10]. 
 
However MFCs still face many difficulties before commercialization. One key 
issue is the low output power and efficiency, the average power output of MFCs is 
still not comparable to that of PEMFCs. Another problem is the high cost of MFC 
systems due to the cost of the electrode materials. In addition, microorganisms are 
usually very sensitive to the operating conditions, e.g. temperature and potential of 
hydrogen (PH), which leads to a short lifetime of MFCs. 
1.2.1.5 Molten carbonate fuel cell 
MCFCs are high temperature FCs, whose working temperature is about 600-700 °C. 
Similar to PAFCs, the electricity efficiency of MCFCs is usually 55%-65%, 
however this percentage increases to nearly 85% when the waste heat is captured 
in the MCFC systems. An important characteristic of MCFCs is that the natural gas, 
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biogas and coals are used as the fuel in this FC, and these reserves are large. For 
this reason, use of MCFCs to produce electricity has shown a great potential in 
replacing conventional coal-based power plants. As shown in Fig. 1-4, the 
carbonate serves as the charge carriers in MCFCs and this diffuses to the anode 
electrode, and CO2 reacts with the oxygen (O2) in the cathode and it returns to the 
cathode after the anode reaction. As in other high-temperature FCs, MCFCs do not 
require precious metals to be used as catalysts and the fuels employed in MCFC 
systems can be reformed within the system, thus eliminating the need for an 
expensive, external reformer system. Both of these reduce the cost of MCFCs. 
Another benefit is that MCFCs are not likely to be affected by CO or CO2 poisoning 
since platinum is not used in these systems. However, the use of coals may lead to 
sulphur poisoning since some types of coals contain a large amount of sulphur. In 
addition to this disadvantage, high temperatures can influence the durability and 
reduce the life of MCFCs. 
1.2.1.6 Solid-oxide fuel cell 
SOFC is a widely-discussed high temperature FC. As shown in Fig. 1-8(a, b), 
oxygen ions or protons work as the charge carriers in SOFCs and water is the only 
product. Since SOFCs work at high temperatures, i.e. 800-1000 °C, the catalysts 
are not essential to accelerate the reaction in SOFCs, and the lack of catalysts also 
avoids various poisoning problems. In addition, the fuels used in SOFCs also do 
not need the reform process before entering SOFC systems [11]. However, the high 
operating temperature introduces some issues when applying SOFCs. The most  
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Figure 1-8 A schematic diagram of SOFCs: (a) SOFCs with oxygen ion 
conducting electrolyte; (b) SOFCs with proton conducting electrolyte [5]. 
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important issue is that the SOFC requires a very long preheat process after the 
startup and this largely limits the application in transportation. Another problem 
associated with the working temperature is that the preheat process is often 
achieved by high-temperature steams. In order to reach the operating temperature, 
the heat generation equipment is necessary, and this increases the complexity and 
reduces the efficiency of the SOFC system. At present, a large number of studies 
focus on decreasing the working temperature of SOFCs, and the lower temperatures 
also enable the use of various inexpensive materials [12,13]. 
1.2.2 Fuel cell applications 
The history of FCs dates back to 1838 when the principle of FCs was first published 
in the “Philosophical Magazine.” This led to studies on different kinds of FCs and 
there are, in general, four main applications of FCs, i.e. stationary, transportation, 
portable and micro power. 
1.2.2.1 Stationary 
Stationary power systems are the most common application of FCs, in which the 
PEMFC is the most popular. However AFCs, PAFCs and even high-temperature 
SOFCs have also been employed in building stationary power systems. The output 
power for stationary systems can range from a few Watts up to 20 MW [14], and 
this is decided by the scale of the stationary systems. Large stationary systems 
(output power from 300 kW to 20 MW) are normally employed in building power 
systems for a large residential region. In order to improve the energy efficiency, 
these are usually used for combined heat and power (CHP) generation [15]. For this 
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reason, high-temperature SOFCs are more competitive than PEMFCs and PAFCs. 
Also the fuels used in SOFC do not require a reform process, and this simplifies the 
system. For medium (output power from 10 kW to 30 kW) and small (output power 
from a few Watts to 10 kW) stationary systems, these are served as power sources 
for individual buildings, such as hospitals, schools and etc. Remote-region power 
supply (RRPS) is another important application for those relative small stationary 
systems. In some remote regions, e.g. deserts and islands, small stationary FCs can 
generate electricity for running facilities in these regions. Among all small FCs 
stationary systems, the PEMFC is the most popular. 
1.2.2.2 Transportation 
The application of FCs in transportation has received more attention in recent years, 
and this is because of the low-emission character of FCs can solve air pollution 
problems in cities. So far, mass-produced fuel cell electric vehicles (FCEVs) are 
designed based on PEMFCs. Compared with battery electric vehicles (BEVs), 
FCEVs have advantages of longer driving distances (over 500 km) and these have 
a quicker refuelling process (3-5 minutes for the hydrogen refuelling process). 
However FCEVs account for a very small proportion in total of the electric vehicle 
(EV) sales, for example FCEVs only occupy 0.5% of the total EV sales in 2016 
[16]. The high cost of FCEVs is the main limitation for its commercialization, and 
this is attributed to expensive materials, e.g. platinum and carbon fibre. Fig. 1-9 
illustrates the vehicle cost as a function of driving distance for two typical vehicles 
using BEVs and FCEVs. It can be seen that BEVs are more attractive in the  
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Figure 1-9 Cost as a function of driving distance for two typical vehicles: (a) 
mid-size vehicle and (b) semi-trailer truck [16]. 
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mid-size vehicles with a long driving range. However, FCEVs are competitive in 
the high-utilization transportation with a long driving range, such as trucks. Unlike 
BEVs, energy and power are decoupled in FCEVs and this makes FCEVs more 
cost-effective than BEVs in long-range driving transportation. Another advantage 
of FCEVs is that, they have a quicker refuelling process and this makes FCEVs a 
competitive choice for high-utilization transportation. In addition, the rapid 
development of hydrogen production and storage technologies makes FCEVs more 
attractive in high-utilization transportation.   
1.2.2.3 Portable 
Use in portable devices is another application of FCs. With the development of 
portable electronic devices, the requirement for batteries has become ever 
increasingly more strict. Regarding this situation, some kinds of FCs have been 
shown to have a great potential in replacing conventional batteries, e.g. PEMFC, 
air-breathing proton exchange membrane fuel cell (AB-PEMFC) and direct- 
methanol/ethanol fuel cell (DMFC/DEFC) [17,18]. The main advantages of these 
FCs are the relative high power density, simple refuelling process, silent operation 
and low weight. However, the generation and storage of hydrogen and the potential 
leak of liquid fuels are still big problems before the wide use of these FCs in 
portable devices. Typically, FCs can generate electricity in consumer electronics 
(e.g. laptops and cell phones), some portable power generators and military 
applications. In order to simplify the FC system in portable devices, the cathode 
side of the FC is often designed to be air-breathing, which means that the cathode 
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is open to the ambient, and air can flow into the FC and be used as the fuel. This 
design largely facilitates the production of the FC and reduces the cost of it. 
1.2.2.4 Micro 
The main barrier for the development of microelectronic devices is the micro power 
source and thus it is important to produce micro power sources with a small volume, 
long life and acceptable power density. The FC is a possible choice for a micro 
power source, e.g. micro direct methanol fuel cells (μDMFCs). Fig. 1-10 presents 
a fabricated μDMFC, which is used as the power source for microelectronic 
devices. The total size of this μDMFC is 25.4 mm × 17 mm × 6.2 mm, and the 
maximum power density and open circuit voltage (OCV) can reach 3.86 mW/cm2 
and 0.47 V, respectively [19]. In addition to the μDMFC, hydrogen PEMFC is also 
employed in producing micro power sources. 
 
Figure 1-10 A fabricated μDMFC [19]. 
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1.3 Thesis structure 
1.3.1 Research aims and objectives 
The research aims and objectives of this research are as follows: 
• To investigate the effects of different component properties and operating 
conditions on the AB-PEMFC performance. In order to investigate the 
relative humidities of both oxygen in the ambient and hydrogen in the 
anode, revised water transportation relations are applied in the presented 
model. In addition, the sensitivity of the fuel cell performance to the heat 
transfer coefficient is investigated, the limiting reason for AB-PEMFCs at 
high current densities is investigated under different heat dissipation 
situations. 
• To study the local performance of anode channels in AB-PEMFCs in order 
to provide information on water removal in real designs of the channels. 
The CFD model is based on a 3-D VOF method, and the operating 
conditions and the water properties are changed in order to represent 
different flooding conditions. 
• To investigate the effect of stacking on the GDL permeability, experiments 
are conducted to prepare GDL stacks with different amounts of GDL 
samples. The gas permeabilities for different GDL stacks are calculated and 
then compared.  
The research highlights of this research are as follows: 
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▪ An efficient mathematical model for AB-PEMFCs has been developed and new 
revised water transportation equations are employed in this present model. The 
limiting reason for AB-PEMFCs at high current densities is investigated under 
different heat dissipation situations, which is found to be different from the 
situations in conventional PEMFCs. Further, the commonly-neglected 
hydrogen humidity is investigated in detail and it is found to be important in 
determining the performance of the AB-PEMFC. 
▪ A 3D volume of fluid model for PEM fuel cell anode channels has been built. 
The sensitivity of the dynamics of the liquid water droplets to their position in 
the channel is studied for the first time. In addition, the effects of the hydrogen 
velocity, droplet size and channel wettability are studied in order to provide 
information on the water removal in the anode channels in AB-PEMFCs. 
▪ The effect of stacking on the GDL permeability is investigated. In previous 
studies, only the effects on single GDL layer have been studied in detail. 
However, the GDL stack is different from the single GDL, the stacking of GDLs 
may cause gaps between each layer in the stacks and thus influence the gas 
permeability of the GDL stacks. During the experiment, the gas permeabilities 
of different GDL stacks are calculated and then compared. 
1.3.2 Significance and limitation of the work 
The first part of this research mainly studies the overall performance of AB-
PEMFCs. The limiting mode is investigated in AB-PEMFCs under various heat 
dissipation situations. Further, in order to study the effects of the components 
properties and operating conditions on the AB-PEMFC performance, an efficient 
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mathematical model is built based on the heat and mass transfer. The main 
improvement in this model is that the water transportation is revised and the mass 
transfer in the anode and cathode are combined, and this is usually simplified in the 
AB-PEMFC models. However, a significant limitation is that the liquid phase is not 
considered in the present model, although the effects of these liquid phase is 
discussed. The inclusion of liquid phase and relevant corrections can help the 
present model generate more accurate polarisation curves for the AB-PEMFC, 
especially at moderate current densities. 
The second part of the research is focused on the anode channels in AB-PEMFCs, 
which is not included in the first model. Although flooding is not common at the 
anode side in PEMFCs, the anode channels can suffer heavy flooding if the relative 
humidity of the hydrogen is too high. In order to investigate the effects of the initial 
position of the water droplet, its size as well as the wettability of the GDL under 
different operating conditions, the 3D VOF model is built. The findings of the study 
provide important and insightful information when designing AB-PEMFCs which 
are vulnerable to water flooding at their anode. In order to further study the effects 
of water in the anode channels, it will be of interest to correlate the VOF model 
with the electrochemical reaction of the fuel cell, thus enabling the evaluation of 
the effects of all the parameters investigated in this study on the overall performance 
of the AB-PEMFCs.  
The third part of the research is about GDL experiments and the stacking of GDLs 
is studied in this research. Unlike previous studies, the through-plane gas 
permeability of the GDL stacks, instead of single GDL layer, is investigated. 
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However, other properties of the GDL stacks, such as the in-plane gas permeability, 
electrical resistance and thermal conductivity, have not been studied. 
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Chapter 2: Literature review 
Summary 
This chapter reviews the main problems of limiting the performance of AB-
PEMFCs and relevant improvement methods. The investigations on the overall 
performance of AB-PEMFCs are presented in Section 2.2. In addition, 
investigations on the performance of the components employed in AB-PEMFCs is 
reviewed in Section 2.3. 
2.1 Main problems in AB-PEMFCs 
AB-PEMFCs have attracted considerable attention for replacing batteries in some 
portable devices, such as laptops and smartphones [20]. Unlike conventional 
PEMFCs, the mass and heat transfer at the cathode side is governed by natural 
convection in the AB-PEMFCs, thus simplifying the fuel cell system. Namely, the 
AB-PEMFC system normally consists of only the fuel cell (or the fuel cell stack) 
and a storage device for hydrogen. However, this simplification produces a rather 
low performance when compared with that of the conventional PEMFCs and this 
is due to the low mass and heat transfer coefficients at the open cathode of the AB-
PEMFC [21,22]. 
In addition to the low performance, water management is another important issue 
in AB-PEMFCs and this is closely related to both flooding at the cathode and dry-
out of the membrane. The flooding at the cathode significantly increases the 
concentration losses because it hinders the transport of oxygen from the ambient 
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(in the case of the air-breathing mode of operation) or the flow channel to the 
catalyst layer, while the dry-out of the membrane causes large ionic resistance in 
the fuel cell [23,24]. The flooding situation is sometimes more severe in AB-
PEMFCs when compared with PEMFCs, since the mass transfer coefficients are 
relatively low and thus water is more difficult to be removed. 
2.2 Investigations on the overall performance of the AB-
PEMFCs 
In order to improve the performance of AB-PEMFCs, there have been a number of 
both modelling and experimental investigations to examine the effects of structure 
designs and operational parameters on the performance of AB-PEMFCs. 
2.2.1 Component designs 
Fig. 2-1 shows a schematic of an AB-PEMFC. It can been seen that there is no flow 
channel in the cathode side and the cathode GDL is exposed to the ambient air, 
while hydrogen flows through the channels and then enters the anode side. Since 
water is produce at the cathode side of the membrane electrode assembly (MEA), 
more investigations have focused on improving the water management at the 
cathode components. In order to improve the performance of AB-PEMFCs, the 
properties of the components in AB-PEMFCs have been investigated in detail. For 
example, the thermal conductivity of the GDLs was investigated in [25], and these 
results showed that a lower thermal conductivity can lead to a higher cell 
temperature and thus the produced water is more easy to be removed. Schmitz et 
al. [26] have discussed the effects of the GDL thicknesses and opening ratios. It 
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was found that the use of thicker GDLs can decrease the contact resistances and an 
optimal opening ratio is favoured for the GDL; similar findings can be found in 
[27–29]. In addition to the properties, use of different materials for these 
components in AB-PEMFCs were also discussed by many research groups; see for 
example [30–32]. Further, some new designs for AB-PEMFCs have been widely 
studied. Fabian et al. [33,34] reported new AB-PEMFCs systems with both active 
and passive water management devices, and the results showed that the efficiency  
 
Figure 2-1 A schematic of an AB-PEMFC. 
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Figure 2-2 A schematic of passive water management design shown in [34]. An 
AB-PEMFC cathode (a) without and (b) with a porous and hydrophilic wick 
serving as a water collector. 
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of the AB-PEMFC can be substantially improved. The passive water management 
design is shown in Fig. 2-2, where a hydrophilic wick works as a water collector. 
Jung et al. [35] and Dean et al. [36] have employed silicon structures in AB-
PEMFCs, and they found that these structures can prevent liquid water 
accumulation in the GDLs and thus the performance of the AB-PEMFC can be 
improved. 
2.2.2 Operating conditions 
The change in the operating conditions, e.g. RH and temperature, has a significant 
influence on the water content of the membrane and the condensation of water. 
Therefore, many studies have investigated the effects of the operating conditions. 
Some experimental results have showed that the cell performance increases as the 
RH increases at relatively low humidity conditions. However, for high humidity 
conditions, an increase in the RH reduces the performance of the fuel cell as it 
usually leads to water flooding; see for example [37–39]. Also many modelling 
studies have investigated the effect of the RH and have obtained similar findings; 
see for example [40,41]. While for the temperatures, an optimal temperature is 
favoured in order to maintain high-hydration of the membrane and prevent liquid 
water generation at the same time; see for example [42,43]. 
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2.3 Investigations on the local performance of the components 
in the AB-PEMFCs 
2.3.1 Flow channels 
Over the past decade, water flooding in the gas channels has attracted much 
attention and this is due to the influential role of the flow channels in transporting 
the reactants to the reactive sites in the catalyst layers through the GDLs. Liquid 
water accumulation in the channels may increase the pressure drop along the 
channel and, if severe, may cause blockage to the flow of the reacting gases, thus 
decreasing the efficiency of the fuel cell system. 
2.3.1.1 Visualization experiment 
Many experimental studies have employed different visualization methods to 
investigate the two-phase flows [44], e.g. direct visualization [45–47], X-ray [48–
50], Magnetic Resonance Imaging (MRI) [51] and neutron imaging [52–54]. In 
addition to the channels, visualization methods are also employed in studying the 
water behaviour in GDLs and MEAs. The results from the visualization methods 
can provide useful information about the water behaviour in PEMFCs and assist in 
the design of the commercial products. A main limitation associated with these 
methods is that transparent materials are often used in these experiments, and this 
may cause different heat transfer and water behaviour when compared with 
conventional materials. Although this problem has been overcame by using some 
leading-edge equipment, the cost caused by using the equipment is still a big 
problem when performing visualization experiments in PEMFCs. 
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2.3.1.2 Numerical methods 
Compared with visualization experiments, modelling investigations of the water 
behaviour are sometimes more time-saving and cost-effective. In the early studies, 
the multi-phase mixture (M2) model and the multi-fluid model have been employed 
to investigate the two-phase flows [55–58]. However these two methods cannot 
describe the form and the motion of the liquid water. In order to track the dynamics 
of the liquid water, the two-phase flow is investigated by other methods, e.g. the 
pore-network (PN), Lattice Boltzmann (LB), and the volume of fluid (VOF) 
methods. More details about these methods can be found in the review paper [59]. 
The VOF method is chosen in this study because it is better at considering the 
surface tension and wall adhesion effects when compared with the above-
mentioned methods. 
The VOF method models two or more immiscible fluids by solving a set of 
momentum equations and tracking the volume fraction of each phase throughout 
the domain. There are two phases in the computational domain of PEMFCs, and  
subscripts 1 and 2 are used to represent phase 1 and phase 2, respectively. The sum 
of the volume fractions is equal to one in each computational cell; therefore, the 
volume fractions of phase 1 and phase 2 can be obtained by:  
vf1 vf 2 1                                                                                                             (2-1) 
The continuity and momentum equations are as follows: 
  0u
t



  

                                                                                                   (2-2) 
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where u is the velocity, p  is the pressure,  and  are the volume averaged density 
and dynamic viscosity, respectively, and are given by: 
vf1 1 vf2 2                                                                                                         (2-4) 
vf1 1 vf2 2                                                                                                         (2-5) 
and F is the momentum source term. In order to capture the effects of the surface 
tension, the continuum surface force (CSF) is employed to calculate F  [60]: 
1 vf1
1 20.5( )
F
 

 



                                                                                                   (2-6) 
where  is the surface tension coefficient, and 1  is the surface curvature defined 
in terms of the divergence of the unit normal 1n : 
1 1n                                                                                                                 (2-7) 
vf1
1
vf1
n



                                                                                                              (2-8) 
The curvature of the surface near the wall are adjusted in order to reflect the effects 
of the wall adhesion force. In the cells near the wall, the modified surface normal
n is given by: 
cos sinwall wall wall walln n t                                                                                      (2-9) 
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where wall is the contact angle of the wall, and walln  and wallt  are the unit vectors 
normal and tangential to the wall, respectively. 
Based on VOF method, the channel geometry and property have been widely 
studied since they can influence the dynamics of the water in the channels. In 
commercial flow channels, straight, U-shape and serpentine designs are often used,  
 
Figure 2-3 A schematic design of serpentine channels with the manifolds as 
proposed in [61]. 
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while other new shapes of channels are also investigated. For example, Kui et al. 
[61,62] have proposed a design of serpentine channels with manifolds, which is 
shown in Fig. 2-3. It was found that the water blockage is improved in this channel 
when compared with above-mentioned traditional channels. In addition to shape, 
the effects of the properties of the channels, e.g. wettability and length, have been 
also investigated by many groups; see for example [63–65]. Further, some studies 
have focused on the behaviour of the water droplets in the channels. Processes, such 
as emergence, detachment and merging of the water droplets, can be tracked 
through modelling [66–68] and some useful information, e.g. pressure drop in the 
channel, can be recorded at any time [69,70]. 
The above-mentioned investigations of the channels only focus on the channels. In 
order to determine the effect of different water dynamics on the cell performance, 
electrochemical reactions are coupled with the present VOF models [71]. Le and 
Zhou [72,73] proposed a three-dimensional and unsteady model with the VOF 
interface tracking method. The effects of the liquid phase on reactant concentration 
and current density distribution were investigated. Chen et al. [74] built a three-
dimensional VOF model with an extra surface to represent the CL. The current 
density and oxygen concentration distributions were investigated under various 
operating conditions. Ferreira et al. [75] proposed a 1D + 3D model, where the VOF 
method in the gas channel (GC) is coupled with the electrochemical reactions and 
the water balance in the membrane. In addition to the current density, the water 
distribution within the GDL was described. The model proposed in this research is 
shown in Fig. 2-4. 
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Figure 2-4 A schematic of a 1D + 3D model proposed in [75]. 
 
2.3.2 Gas diffusion layers 
The GDL is a key component in PEMFCs. The main roles of GDLs are improving 
the transport and facilitating a uniform distribution of both reactants, i.e. hydrogen 
and oxygen, and the product, i.e. water, between the active area and the flow field 
[76], and its electrical and thermal conductivity also influence the performance of 
the PEMFC. Therefore GDLs with high gas permeability and low electricity 
resistance are usually recommended in PEMFCs. A commercial GDL is usually 
composed of a macroporous substrate with or without a MPL. The macroporous 
substrate plays an important role in transporting the reactants and providing 
sufficient mechanical support for the MEA. While the MPL, which comprises 
carbon black powder and hydrophilic/hydrophobic agent, can reduce the contact 
resistance between the substrate and the CL and this enhances the water 
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management under different operating conditions. A SEM cross-section image of a 
GDL is shown in Fig. 2-5. 
 
Figure 2-5 A SEM cross-section image of a GDL. Note that the values are the 
thicknesses of the MPL layer [77]. 
 
2.3.2.1 Materials and properties 
Carbon-based GDLs have been widely used in PEMFCs because of their relative 
high permeability and low electrical resistance [78,79]. However other materials 
have also been employed to produce GDLs, e.g. thin metal sheets [80,81]. 
Compared with carbon materials, use of metal sheets can better control the porosity 
and pore size distribution in the produced GDLs, and also the thickness of the GDLs 
can be controlled. A produced metal sheet GDL is shown in Fig. 2-6. In addition to 
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the use of new materials, properties such as porosity, pore size and wettability are 
important in determining the water management ability of the GDLs. Instead of 
changing the overall porosity of the GDL, Jeong et al. [82] produced a porosity-
graded MPL by using thermal expandable graphite (TEG) and they tested it in a 
fuel cell system. They found that the MPL increases the performance of a single 
cell, especially at high current densities. A hydrophilic MPL (made of VGCF-H 
and ionomer) was investigated by Tanuma et al. [83], and it was found that the 
MEA with the hydrophilic MPL showed the highest cell voltage under both dry and 
wet operating conditions when compared with various conventional GDLs. 
 
Figure 2-6 A schematic of the metal sheet GDL in [80]: (a) top view; (b) side 
view.  
 
2.3.2.2 Structure designs 
Structure design of GDLS is another method in order to improve the water 
management in GDLs. Nishida et al. [84] fabricated a GDL with grooves (shown 
in Fig. 2-7). The grooves work as pathways for the liquid water and thus the water 
could be more easily removed. It can be seen in Fig. 2-7 that the liquid water 
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accumulates in the grooves in the grooved GDL, while the distribution of the water 
is less uniform in the untreated GDL. Nishida found that the voltage can remain 
almost constant after a relative long operating time, i.e. 2000s, under different 
 
Figure 2-7 The effect of the grooved GDL on liquid water movement in the 
cathode GDL under the operating temperature of 5 °C and current density of 0.24 
A/cm2: (a) with grooves; (b) without grooves [84]. 
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Figure 2-8 A schematic of a traditional PEMFC (left), and a PEMFC with a 
double-layer GDM in the cathode (right) [85].   
 
working temperatures with the help of the grooves. Another typical method for 
improving the water management in the GDLs is to fabricate another layer within 
the GDLs. Wang et al. [85] fabricated a double-layer gas diffusion media (GDM), 
see Fig. 2-8. They found that the double-layer GDM with different 
polytetrafluoroethylene (PTFE) loadings can improve the water management 
within the PEMFCs. Other investigators have fabricated the double-layer with 
different properties, such as pore size [86]. In addition to the GDM, the use of 
double-layer MPLs has been widely investigated.  Jeong et al. [87] proposed a 
design of double–layer MPL and one of the MPL layer is hydrophilic instead of 
hydrophobic. They tested the new MPL under two humidification conditions, i.e. 
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RH = 50% and 100%, and found that the use of hydrophobic/ hydrophilic double 
MPL can improve the water management in GDLs and thus increase the 
performance of the fuel cell. Similar conclusions on double-layer MPLs can also be 
found in [88,89]. 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3 
 
39 
 
Chapter 3: Numerical investigations on 
the overall performance of AB-PEMFCs 
Summary 
This chapter presents an efficient mathematical model for AB-PEMFCs. One of the 
main objectives of this study is to investigate the effects of hydrogen humidity, 
which is often neglected, on the performance of AB-PEMFCs. It is found that the 
heat transfer coefficient dictates the performance limiting mode of the AB-PEMFC, 
the modelled AB-PEMFC is limited by the dry-out of the membrane at high current 
densities. Also, the performance of the fuel cell is found to be mainly influenced by 
the hydrogen humidity. In addition, an optimal cathode GDL and relatively thinner 
anode GDL are favoured in order to achieve a good performance of the fuel cell. 
3.1 Introduction 
RH is one of the main factors associated with AB-PEMFCs performance. However, 
most of the studies on the effects of RH were conducted on conventional PEMFCs; 
for AB-PEMFCs, the number of investigations is less. In AB-PEMFCs, most of the 
studies on the effects of the operating conditions focus on the effect of the RH at 
the open cathode, assuming dry hydrogen is supplied to the anode of the fuel cell; 
see for example [90]. However, there have been very few investigations which have 
studied the effects of the anodic RH on the performance of the air-breathing PEM 
fuel cells; most of these investigations were experimental. Chu and Jiang [91] 
evaluated the performance of an air-breathing polymer electrolyte membrane fuel 
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cell (PEMFC) stack under different environmental conditions, and they showed that 
feeding humidified hydrogen to the anode slightly improves the PEMFC 
performance, even at low temperatures. Ho Jung et al. [35] examined the effect of 
the hydrophilicity of the anode catalyst layer on the performance of an air-breathing 
PEM fuel cell. The experimental results showed that a hydrophilic anode catalyst 
layer improves the cell performance through humidifying the anode side of the 
membrane and removing the water from the cathode. Hamel and Fréchette [92] 
suggested a simple steady-state model for the water transport through an air-
breathing PEM fuel cell and an experimental characterisation was performed with 
direct injection of water at the anode. They showed that humidifying the anode had 
a positive effect on the performance of the cell, potentially even when the cathode 
is flooding. Ou et al. [93] tested an air-breathing PEM fuel cell with a humidity and 
temperature control system, and a bubble humidifier was utilized to humidify the 
inlet hydrogen in order to manage the water content of the membrane. The 
experimental results showed that the control method improves the output power of 
the fuel cell. 
No modelling study has been conducted to investigate the effect of the anodic 
(hydrogen) RH on the performance of the AB-PEMFC. In this chapter, a 
mathematical model is built for an AB-PEMFC. The effect of the RH of the 
hydrogen on the cell performance is investigated and compared with that of the RH 
of ambient air at the open cathode. Also, the effect of the GDL thickness is 
examined, since the gas concentrations at the cathode catalyst layer and the 
membrane humidity condition are highly influenced by the GDL thickness. 
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3.2 Numerical model 
The prototype of this built model was first described by O’Hayre et al. [94] and a 
schematic diagram of the modelled fuel cell is shown in Fig. 3-1. This fuel cell was 
selected because the temperature of the cathode GDL surface and the cell resistance 
were measured [95]. Therefore, in addition to the polarisation curves for the cell 
voltage, further data can be used to validate the proposed new model. The following 
assumptions have been taken into account when developing the model: 
• The fuel cell operates in steady-state conditions. 
• The air is treated as an ideal gas. 
• The catalyst layer is infinitely thin and is therefore treated as an interface 
between the membrane and the GDL. 
• Water only exits as vapour. 
• The GDL material is assumed to be homogenous. 
• The fuel cell is under a dead-end mode at the anode side. 
• The water activity is uniform across the membrane and is in equilibrium 
with the water activity at the cathode catalyst layer. 
• The thermal resistance of the collectors was found to be almost negligible, 
therefore the current collectors were not incorporated into the model. 
The equations used in the model could be categorised into 3 groups: mass transfer; 
heat transfer; and closure relations. The equations for each groups are explained as 
follows. 
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Figure 3-1 A schematic diagram of the modelled fuel cell. Each number 
represents an interface: (1) cathode GDL surface, (2) cathode catalyst layer, (3) 
anode catalyst layer and (4) anode GDL surface. 
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3.2.1 Mass transfer 
On the cathode side, oxygen and water are mainly transported by natural convection 
in the ambient region next to the cathode GDL surface and by diffusion across the 
GDL. The convective molar flux of the species in the cathode, i.e. 
c,iN , is given by: 
c,i m,i 1,i ,i( )N h C C                                                                              (3-1)  
where the subscript i  represents either oxygen (O2) or water (H2O), 1,iC  and ,iC  
are the molar concentrations of the species i  at the surface of the cathode GDL and 
in the ambient region next to the cathode GDL, respectively. m,ih  is the mass 
transfer coefficient of the species i  and is obtained as follows: 
i ij
m,i
ch,m
Sh D
h
L

               (3-2) 
ijD  is the normal diffusion coefficient of the species i  into j ; the latter represents 
nitrogen (N2). ch,mL is the characteristic length associated with the mass transfer, 
defined as the square root of the active area of the fuel cell. iSh is the Sherwood 
number, which is associated with the mass transfer, for the species i . It must be 
noted that the Lewis numbers for all simulation cases were found to be of the order 
of unity, so the analogy between heat and mass transfers is valid. Another important 
point to note is that the modelled fuel cell is horizontally-oriented with an upwards-
facing open cathode and a uniform wall heat flux (UHF) boundary condition on the 
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surface of the cathode GDL is assumed. Therefore iSh  is calculated by the 
following empirical equation [96]: 
1/3
i m,i0.16Sh Ra                                               (3-3) 
The mass transfer-related Rayleigh number m,iRa  for the species i  is given by: 
3
m,i 1,i ,i ch,m
m,i
i ij
( )g x x L
Ra
D



                                                    (3-4) 
where g  is the magnitude of the gravitational acceleration, i  is the kinematic 
viscosity of the species i , ix  is the mole fraction of the species i , and m,i  is the 
volumetric expansion coefficient of the species i . Since the molar concentration of 
nitrogen remains almost constant through the cathode GDL and the ambient region, 
we assume that a binary mixture of oxygen and water is transferred to the open 
cathode. Thus m,i for the binary mixture is calculated as follows [96]: 
2 2O H O
m,i
mix
M M
M


                                                                                          (3-5) 
where 
2O
M  and 
2H O
M  are the molecular weights of oxygen and water, 
respectively, mixM  is the molecular weight of the binary mixture and it is the 
arithmetic mean of the molecular weights of the mixture in the ambient region, 
,mixM , and at the cathode GDL surface, 1,mixM : 
1,mix ,mix
mix
2
M M
M

                                                                           (3-6) 
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2 2
2 2
2 2 2 2
,O ,H O
,mix H O
,O ,H O ,O ,H O
O
C C
M M M
C C C C
 

   
 
 
                                                     (3-7) 
1,mixM can be calculated in the same manner. The molar concentration of the water 
in the ambient region, 
2,H O
C , is given by: 
2
sat
,H O
P RH
C
RT



                                                      (3-8) 
where R is the universal gas constant, RH is the relative humidity in the ambient,
T is the ambient temperature, and satP is the saturation pressure of water vapour, 
obtained, in atm units, by the following formula [97]: 
5 2
10 sat
7 3
log 2.1794 0.02953( 273.15) 9.1837 10 ( 273.15)
                1.4454 10 ( 273.15)
P T T
T

 


      
  
        (3-9) 
The molar concentration of the oxygen in the ambient region, 
2,O
C , is given by: 
2 2,O ,tot ,H O
0.21( )C C C                                               (3-10) 
where ,totC  is the molar concentration of the air mixture in the ambient region and 
is given by: 
,tot
P
C
RT



                                   (3-11) 
For the diffusion of water and oxygen across the cathode GDL, c,iN  is calculated 
as follows: 
2,i 1,i
c,i eff,ij
GDL
C C
N D


                              (3-12) 
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where
2,iC  is the molar concentration of the species i at the cathode catalyst layer, 
GDL is the thickness of the GDL, eff,ijD is the effective diffusion coefficient, and it is 
obtained as follows [98]:  
1.5GDL ref
eff,ij ij
ref
( ) ( ) ( )
T P
D f D
T P
                                  (3-13) 
where refT  and refP  are the reference temperature and pressure, respectively. The 
pressure ratio ref( / )P P is set to be unity since the operation pressure is the same as 
the reference pressure, i.e. 1 atm. GDLT is the temperature of the cathode GDL, and 
is the arithmetic mean of the temperatures at the cathode GDL surface, 1T , and at 
the cathode catalyst layer, 2T . ( )f   is the factor that corrects for the geometry and 
is a function of the porosity of the medium,  . Instead of using the normally 
applied Bruggmann correlation, ( )f   is calculated by a more accurate correlation 
developed for GDLs [99]: 
4.81( ) 0.008f e                                    (3-14) 
At the anode side, water and hydrogen are mainly transported by diffusion across 
the anode GDL. It should be noted that the concentration of oxygen at the cathode 
electrode is relatively small due to the low mass transfer coefficient, thus the 
hydrogen supplied at the anode is usually sufficient for the operation of the air-
breathing fuel cell. Thus, the transport of hydrogen is not considered in the model 
and subsequently the anodic activation losses are neglected. The molar flux of water 
across the anodic GDL, i.e. 
2a,H O
N , is given by: 
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2 2
2
4,H O 3,H O
a,H O eff,ij
GDL
C C
N D


                                 (3-15) 
Likewise, the effective diffusion coefficient eff,ijD  can be calculated using Eq. (3-
13) and Eq. (3-14). ijD is the normal diffusion coefficient of water vapour into 
hydrogen as the latter, volume-wise, makes up most of the gas mixture at the anode. 
23,H O
C and
24,H O
C are the molar concentrations of water at the anode catalyst layer 
and at the anode GDL surface. Since the gas mixture at the anode side is treated as 
an ideal gas, 
24,H O
C can be obtained by employing Eq. (3-8) and Eq. (3-9). 
Water is transported through the membrane by three different processes, namely: 
water diffusion, electro-osmosis drag and water convection. The diffusion of water 
is caused by the concentration gradient and this is usually from the cathode to the 
anode due to the water being produced at the cathode catalyst layer. The electro-
osmosis drag occurs because of the conjugated transport of the water molecules 
with the protons. The convection of water is caused by the pressure gradient [100]. 
Since water only exits as a vapour in this model, water convection is neglected and 
therefore the total water flux through the membrane from the anode to the cathode 
is given by [101]: 
2 22,H O 3,H Om m
w w d
mem
C C I
j D n
F

                                                                     (3-16) 
where I is the current density and F is the Faraday’s constant. It should be noted 
that, for simplification, the catalyst layers are treated as interfaces between the 
membrane and the GDL and therefore the concentrations of water at the cathode 
and anode sides of the membrane were assumed to be of those of the cathode and 
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anode catalyst layers respectively, i.e. 
22,H O
C and
23,H O
C . The diffusion coefficient,
m
wD , and electro-osmotic drag coefficient, dn , are dependent on the water content 
of the membrane,   , and are given by [101]: 
 
 
7
memm
w
8
mem
2346
3.1 10 exp(0.28 ) 1 exp( )     if 0 3
2346
4.17 10 161exp( ) 1 exp( )     if 3 17
T
D
T
  
  



    

 
      

                     (3-17) 
d
1     if 14
0.1875 1.625     otherwise
n



 

                                     (3-18) 
The water content of the membrane, , is calculated by: 
2 30.043 17.81 39.85 36.0      if 0 1
14.0 1.4( 1)     if 1 3
a a a a
a a

     
 
   
                        (3-19) 
where a is the water activity in the membrane which, as indicated in the 
assumptions, is assumed to be uniform across the membrane and is in equilibrium 
with the water activity at the cathode catalyst layer and a is given by: 
2,H2O
2,sat
P
a
P
                                    (3-20) 
where 2,satP is the saturation pressure of the water vapour at the cathode catalyst 
layer, obtained using Eq. (3-9), and 2,H O2P is the partial pressure of the water vapour 
at the cathode catalyst layer, and is given by: 
2,H2O 2,H O 22
P C RT                                          (3-21) 
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In the modelled fuel cell, water is transported between the anode and cathode sides 
of the membrane and also between the ambient and the cathode catalyst layer. It is 
also produced at the cathode catalyst layer. Thus, the transport of water in the fuel 
cell, based on Faraday’s second law of electrolysis and the model proposed by Berg 
et al. [102], is governed by: 
m
a,H O w2
N j                                                     (3-22) 
for the anode side, and by: 
m
c,H O w2 2
I
N j
F
                                                             (3-23) 
for the cathode side. On the other hand, oxygen transports through cathode GDL 
between the ambient and the cathode catalyst layer and therefore its transport is 
governed by the following equation: 
c,O2 4
I
N
F
                (3-24) 
3.2.2 Heat transfer 
The heat generated is assumed to be released only from the cathode catalyst layer 
as most of the heat sources exist. Therefore, the heat is mainly transported by 
conduction in the GDLs and the membrane; and by natural convection in the 
ambient region next to the GDL surfaces. 
The convective heat flux at the interface between the ambient and the cathode GDL,
tq , is given by: 
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t c 1( )q h T T                                         (3-25) 
where ch  is the heat transfer coefficient at the surface of the cathode GDL, which 
is the sum of the natural convection coefficient,
c,conh , and the radiative coefficient,
c,radh : 
c c,con c,radh h h                           (3-26) 
2 2
c,rad Bolt 1 12 ( )( )h e T T T T                 (3-27) 
c c,air
c,con
ch,h
Nu k
h
L

                       (3-28) 
where e is the emissivity, Bolt is the Stephan-Boltzmann constant, c,airk is the 
thermal conductivity of air, ch,hL is the characteristic length for heat transfer, and 
cNu is the Nusselt number. As mentioned in the mass transfer section, the fuel cell 
is assumed to represent a horizontally-oriented heated plate with UHF boundary 
condition. cNu and the relevant Rayleigh number, h,cRa are then given by [96]: 
1/3
c h,c0.16Nu Ra                          (3-29) 
4
c ch,h
h,c
c,air c,air c,air
cg q L
Ra
k

 
                               (3-30) 
The kinematic viscosity c,air , the thermal diffusivity c,air and the thermal 
conductivity c,airk  of the air have been all estimated using the tabulated data [103] 
at the film temperature, c,fT , which is the arithmetic mean of the temperatures of 
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the cathode GDL surface,
1T , and the ambient region, T . The thermal expansion 
coefficient, c , is calculated as follows: 
c
c,f
1
T
                                      (3-31) 
The convective heat flux at the bottom of the fuel cell, bq , is calculated in the same 
manner using Eq. (3-25) – (3-31). 
With the given thermal conductivities and thicknesses of the GDL and the 
membrane, i.e. GDLk , GDL , memk and mem , The conductive heat fluxes in the GDLs 
and the membrane are given by: 
2 1
t GDL
GDL
T T
q k


                          (3-32) 
2 3 3 4
b mem GDL
mem GDL
T T T T
q k k
 
 
                         (3-33) 
where GDLk and memk are the thermal conductivities of the GDL and the membrane, 
respectively, and GDL and mem  are the thicknesses of the GDL and the membrane, 
respectively. 
3.2.3 Closure relations 
The cell potential E is expressed as follows: 
act ohmicoE E                              (3-34) 
where oE is the thermodynamic equilibrium voltage, act is the activation loss, and 
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ohmic  is the ohmic loss. It should be noted that the concentration losses, mainly 
caused by water flooding, has not been considered in this model as the water activity 
was found to be always less than unity at the high current densities in all the 
investigated cases, thus signifying the absence of water flooding. The 
thermodynamic equilibrium voltage oE is given by the Nernst equation: 
0.5
H O2 2
H O2
lno
P PH T S RT
E
nF nF P
   
   
 
 
            (3-35) 
where H and S are the enthalpy and the entropy changes for the fuel cell reaction, 
respectively. H2P (1 atm), O2P (0.21 atm) and H O2P (usually assumed to be 1 atm) are 
the partial pressures of hydrogen, oxygen and water under thermodynamic 
equilibrium. The activation losses, act , and the ohmic losses, ohmic , are given by: 
,O2 2
act
ch 2,O2
ln
2 o
C IRT
F C I



 
  
 
 
             (3-36) 
ohmic elec mem( )IA R R                           (3-37) 
where ch is the charge transfer coefficient, oI is the reference exchange current 
density and elecR is the lumped cell resistance of the fuel cell. These three 
parameters have been obtained from the experimental data [94]. A is the active area 
of the fuel cell and memR  is the resistance of the membrane, obtained as follows: 
mem
mem
mem
R
A


                           (3-38) 
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where mem is the ionic conductivity of the membrane. The ionic resistance of the 
catalyst layer is neglected in the model because two cases where the catalyst layer 
resistance is included and excluded in the model have been investigated and it is 
found that the effect of this resistance is negligible. Because the widely-used 
Springer model [97] for calculating the ionic conductivity of the membrane was 
found to be rather inaccurate under low humidity conditions, another empirical 
formula is normally used for the modelled air-breathing fuel cells [104]: 
3 2
mem
2
1 1
(3.46 0.0161 1.42 0.175) exp 1268
303
a a a
T

  
       
  
               (3-39)   
The total heat flux in the fuel cell is given by: 
act t b( )
2
ohmic
T S
q I q q
F
 

                       (3-40) 
The simulations in this study were implemented using MATLAB R2017b and all 
the nonlinear algebraic equations were solved by ‘fsolve’. The time taken for the 
convergence using a 3.20 GHz Intel(R) Xeon(R) E3 CPU and 16.00 GB RAM was 
remarkably small: 4 s, indicating the efficiency of the developed model. All the 
physical and geometrical parameters considered in the model are given in Table 3-
1. 
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Table 3-1 Values of the parameters applied in the simulations. Unless otherwise 
stated, the values of the parameters were taken from the experiment data [94,95]. 
Parameter  Value 
Faraday’s constant, F  96,485 C mol-1  
Magnitude of gravitational acceleration, g  9.81 m s-2 
Universal gas constant, R  8.314 J mol-1 K-1 
Stephan-Boltzmann constant,
Bolt  5.67 × 10
-8 W m-2 K-4 
Enthalpy change of fuel cell reaction, H  -241.98 kJ mol-1 
Entropy change of fuel cell reaction, S  -44.43 J mol-1 K-1 
Diffusivity of oxygen in nitrogen,
2 2O N
D   2.2 × 10
-5 m2 s-1 
Diffusivity of water vapour in nitrogen,
2 2H O N
D   2.56 × 10
-5 m2 s-1 
Diffusivity of water vapour in hydrogen,
2 2H O H
D   1.02 × 10
-4 m2 s-1 
 [105] 
GDL thickness,
GDL  3.0 × 10
-4 m 
Membrane thickness,
mem  5.2 × 10
-5 m 
GDL thermal conductivity,
GDLk  1 W m
-1 K-1 
Membrane conductivity,
memk  0.17 W m
-1 K-1 
GDL porosity,   0.4 
Emissivity, e  0.9 
Active area of fuel cell, A  9.0 × 10
-4 m2 
Characteristic length for mass transfer,
ch,mL
 3.0 × 10-2 m 
Characteristic length for heat transfer,
ch,hL
 7.0 × 10-2 m 
Lumped electrical resistance of the fuel cell,
elecR  0.012 Ω 
Charge transfer coefficient,
ch  0.41 
Reference exchange current density,
0I  3.0 × 10
-3 A m-2 
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3.3 Results and discussion    
3.3.1 Model validation 
To validate the model, the modelling data obtained from the present model are 
compared with the experimental data reported by Fabian et al. [43]. It should be 
noted that although this work was performed some time ago, it is still regarded by 
many as the benchmark work [106,107]. Fig. 3-2(a) shows the polarization curves 
produced by the model at two ambient temperatures (i.e. 10 and 30°C) and a 
constant ambient relative humidity of 40%. One can observe from the figure that 
the modelling data are in good agreement with the experimental data and that the 
sharp decline in the cell voltage at high current densities is well captured by the 
model. 
Fig. 3-2(b) and 3-2(c) show the cell resistance and the temperature of the cathode 
GDL surface as a function of the current density for 10 and 30°C ambient 
temperatures and an ambient relative humidity of 40%. Similarly, good agreement 
is obtained between the experimental and the modelling data, imparting confidence 
on the reliability of the model. Further, Fig. 3-2(a) and 3-2(b) show that there is a 
sharp decline in the cell voltage and a steep increase in the cell resistance and these 
coincide. This means that the cell resistance is the main reason for limiting the air-
breathing fuel cell performance at high current densities. 
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Figure 3-2 (a) The cell voltage, (b) cell resistance and (c) GDL surface temperature 
as a function of the current density for an air-breathing fuel cell operating at 40% 
ambient relative humidity and ambient temperatures of 10 and 30°C. 
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3.3.2 Status of the water 
It is clear from the previous section that the air-breathing fuel cell is limited mainly 
by the membrane ohmic resistance at high current densities and thus the 
performance of the fuel cell increases with decreasing the fuel cell temperature. 
This must be compared with conventional fuel cells, where the performance is 
normally limited by water flooding. Therefore, it is of much interest to analyse the 
status of liquid water at the cathode of the modelled fuel cell; Fig. 3-3 shows the 
rates of generation and removal of water (which is equivalent to the water flux at 
the surface of the cathode GDL), respectively. 
Depending upon the relative magnitudes of the water generation and removal rates, 
the cathode of the fuel cell is said to be under: (i) self-humidification in the low 
current density region (< 50 mA/cm²) where the difference between the higher rate 
of water removal and the lower rate of water generation decreases with increasing 
current density, (ii) water flooding in the intermediate current density region 
(between 50 and 450 mA/cm²) where the rate of generation of water is always more 
than the rate of water removal, and (iii) membrane dry-out in the high current 
density region (> 450 mA/cm²) where the rate of water removal is always more than 
that of water generation and the difference between the two rates increases as the 
current density increases. Clearly, fuel cells with such profile, caused by the 
relatively low heat transfer coefficient, is limited by the dry-out of the membrane, 
and the higher fuel cell temperature will cause more serious water flooding and thus 
decrease the fuel cell performance. 
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Figure 3-3 The water generation rate, the cathode water removal rate and the cell 
resistance as a function of the current density. 
 
In order to determine the sensitivity of the fuel cell performance to the heat transfer 
coefficient, this coefficient has been increased by a factor of 3. From Fig. 3-4, it is 
clear that the cathode of the fuel cell operates under: (i) self-humidification in the 
low current density region (< 40 mA/cm²) and (ii) water flooding in the current 
density larger than 40 mA/cm². Unlike the profile shown in Fig. 3-3, the 
performance of the fuel cell with higher heat transfer coefficient is limited by water 
flooding at high current densities which is commonly encountered when operating 
conventional PEM fuel cells.   
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Figure 3-4 The water generation rate, the cathode water removal rate and the cell 
resistance as a function of the current density for the fuel cell with a 3 times larger 
heat transfer coefficient. 
 
3.3.3 Effect of the operating conditions 
The effect of the humidity at the anode is often neglected when modelling air-
breathing PEM fuel cells as hydrogen is normally assumed to be dry. In this section, 
the effects of both the cathodic relative humidity (the ambient relative humidity) 
and the anodic relative humidity on the performance of the air-breathing fuel cell 
are examined. 
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Figure 3-5 Effect of the ambient relative humidity at the cathode on the cell 
performance at zero anodic (hydrogen) relative humidity and three ambient 
temperatures: (a) 10°C, (b) 20°C and (c) 30°C. 
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Figure 3-6 Effect of the ambient relative humidity at the cathode on the cell 
performance at 100% anodic (hydrogen) relative humidity and three ambient 
temperatures: (a) 10°C, (b) 20°C and (c) 30 °C. 
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3.3.3.1 Ambient RH 
Figs. 3-5 and 3-6 show the effect of the ambient relative humidity. For dry hydrogen 
(Fig. 3-5), the cell performance increases slightly with increasing ambient relative 
humidity, and with fully humidified hydrogen (Fig. 3-6), the performance gain is 
even smaller. 
3.3.3.2 Hydrogen RH 
Figs. 3-7 and 3-8 show the effect of the anodic relative humidity. It is evident that 
increasing the anode humidity greatly improves the performance of the fuel cell. 
For example, when the anodic relative humidity increases from 0 to 100% in Fig. 
3-7(c), the limiting current density increases by more than 40% at 0.3V. Clearly, 
one of the ways to mitigate membrane dry-out problem at high current density, 
which has been discussed in Section 3.3.2, and subsequently enhance the fuel cell 
performance is to increase the relative humidity of hydrogen. 
It also can be seen from Figs. 3-5 and 3-7, the performance improvement attributed 
to the increase in the anodic relative humidity is clearly larger than that attributed 
to the increase in the ambient relative humidity. Also we can observe that this 
improvement is only very slightly influenced by the humidity situation at the 
cathode side (see Figs. 3-7 and 3-8). Further, it is observed that for all the cases 
investigated, the performance improvement is more significant at higher ambient 
temperatures, and this is due to lower membrane humidification with higher 
ambient temperatures. 
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Figure 3-7 Effect of the anode (hydrogen) relative humidity on the cell 
performance at zero cathode relative humidity and three ambient temperatures: (a) 
10°C, (b) 20°C and (c) 30°C. 
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Figure 3-8 Effect of the anode (hydrogen) relative humidity on the cell 
performance at 100% cathode relative humidity and three ambient temperatures: 
(a) 10°C, (b) 20°C and (c) 30°C. 
Chapter 3 
 
65 
 
3.3.3.3 Water flooding 
As mentioned in Section 3.2, water flooding has not been considered in the model. 
The increase in both the anode and cathode relative humidity normally cause water 
flooding at the cathode side of conventional fuel cells particularly at high current 
densities where the rate of water production is relatively high. 
To better understand the effect of the hydrogen relative humidity on water flooding, 
a figure that shows the accumulating liquid water at the cathode catalyst layer as a 
function of current density is generated; see Fig. 3-9. For all the investigated cases, 
the ambient relative humidity and temperature were selected to be 40% and 20°C, 
respectively, as they are more or less the normal indoor conditions. It should be 
noted that no temperature control equipment is included in the model, since the  
 
Figure 3-9 The accumulating liquid water at the cathode catalyst layer as a 
function of the current density for the fuel cell operating at different anode 
(hydrogen) relative humidities. 
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air-breathing fuel cell is designed to power small electronic devices where the 
ancillary components are required to be removed to simplify the system and 
subsequently boost its competitiveness. It can be seen from the figure that the 
increase in the relative humidity of hydrogen causes more water to accumulate at 
the cathode catalyst layer; delaying the occurrence of the limiting current density. 
Water activity, which is the ratio between the partial pressure of the water vapour 
and the saturation pressure of the water vapour, can be also used to confirm whether 
there exists liquid water. Fig. 3-10 shows the water activity of the cathode catalyst 
layer and GDL surface as a function of the anode relative humidity at relatively low 
cell voltages (i.e. 0.4, 0.3 and 0.2V). Overall, it can be observed that the water 
activity slightly increases with increasing anodic relative humidity. For example, at 
0.4V the water activity of the catalyst layer increases only by 20% when increasing 
the anodic relative humidity from 0% to 100%.  It can be noted that, in all the 
simulated cases shown in Fig. 3-10, the water activity is less than unity, and this 
indicates that no liquid water is produced at the cathode side. Therefore, the increase 
in the anodic relative humidity does not cause water flooding at high current 
densities. 
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Figure 3-10 Effect of anodic (hydrogen) relative humidity on the water activity at 
relatively low cell voltages and at (a) cathode catalyst layer and (b) cathode GDL 
surface. 
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3.3.4 Effect of the GDL 
The results presented in Section 3.3.3 show that the increase in the anodic relative 
humidity improves the performance of the air-breathing fuel cell by increasing the 
water vapour concentration at the cathode catalyst layer and subsequently its ionic 
conductivity. Also, the variation of GDL thickness can influence the diffusion of 
the water vapour at the cathode and thus change the water vapour concentration. 
For dry and fully humidified hydrogen, the effects of GDL thickness on the cell 
performance are investigated. 
It can be seen that, from Fig. 3-11, the most appropriate GDL thickness, at either 
the cathode or anode, for operation of the air-breathing fuel cell is different at two 
humidity conditions at the anode side. For the dry condition, a thicker GDL is 
favoured, e.g. 0.8 mm thickness; see Fig. 3-11(a). While for the fully humidified 
condition, the cell performs better with a thinner GDL, i.e. 0.2 mm thickness; see 
Fig. 3-11(b). The thickness of the GDL mainly influences the diffusion of the water 
vapour and oxygen. The cell performance is largely dependent on the 
concentrations of these two gases and therefore it is necessary to investigate the 
relationships between these concentrations and the GDL thickness. 
Fig. 3-12 shows the effect of the GDL thickness on the gas concentrations at 0.4V 
and at two humidity conditions. For the dry condition (Fig. 3-12(a)), we can observe 
that the GDL thickness has opposite effect on the concentrations of water and 
oxygen. This is because, at the fuel cell cathode side, the water is transported from 
where it is produced at the cathode catalyst layer towards the ambient, while oxygen 
is transported in the opposite direction, i.e. from the ambient to where it is 
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Figure 3-11 Effect of the GDL thickness on the cell performance at two anodic 
(hydrogen) relative humidity: (a) 0% and (b) 100%. 
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Figure 3-12 Effect of the GDL thickness on the oxygen and water vapour as the 
cathode catalyst layer at two anode (hydrogen) relative humidity: (a) 0% and (b) 
100%. 
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consumed at the cathode catalyst layer. When a thicker GDL is chosen, it becomes 
more difficult for water to be transported from the cathode catalyst layer to the 
ambient region and for oxygen to be transported from the ambient to the catalyst 
layer. For this reason, an optimal thickness is favoured to ensure the supply of 
sufficient oxygen for the oxygen reduction reaction and to supply sufficient water 
vapour to appropriately humidify the membrane. However for the fully humidified 
condition (Fig. 3-12(b)), water vapour is also transported from the anode side to the 
cathode catalyst layer. Thus a thinner GDL at the anode side enhances the diffusion 
of water vapour through the GDL, thus causing the water concentration to reach a 
relatively high value, and then it follows the same trend as the dry condition. For 
this case, a thinner GDL is appropriate for the cell operation at the high humidified 
conditions since there is a relatively high concentration of water and oxygen at the 
cathode catalyst layer. 
Based on the above findings, it could be stated that there exists an optimal thickness 
for the cathode GDL that ensures sufficient supply of both oxygen and water vapour. 
On the other hand, a relatively thin GDL can improve the transfer of water vapour 
to the cathode and this improvement becomes more profound as hydrogen relative 
humidity increases.  
It should be noted that a relatively thick GDL can cause water flooding; Fig. 3-13 
shows that relatively thick GDLs (i.e. 0.8 and 1.2 mm) causes water activity to be 
more than unity for most of the anodic relative humidity values, thus leading to 
possible water flooding. 
Chapter 3 
 
72 
 
 
Figure 3-13 Effect of the GDL thickness on the water activity at the cathode 
catalyst layer. 
3.4 Conclusions    
In this chapter, a mathematical zero-dimensional model has been developed for air-
breathing PEM fuel cells. The main purpose of this study is to examine the effects 
of hydrogen humidity on the performance of AB-PEMFCs. The main conclusions 
are as follows: 
• The heat transfer coefficient dictates the performance limiting mode of the 
air-breathing PEM fuel cell: dry-out of the membrane with relatively low heat 
transfer coefficient and water flooding with relatively high heat transfer 
coefficient. 
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• The performance of the fuel cell significantly improves with increasing 
anodic (hydrogen) relative humidity and this is due to the increase in the water 
concentration at the cathode catalyst layer at high current densities. For example, 
the limiting current density increases by more than 40% at an ambient 
temperature of 30 °C when increasing the anodic relative humidity from 0 to 
100%. This improvement is marginally influenced by the humidity condition at 
the cathode side. Further, the increase in the anodic relative humidity does not 
cause water flooding at high current densities. 
• In order to maintain high concentrations of both oxygen and water vapour 
at the cathode catalyst layer, there is an optimal thickness for the cathode GDL. 
However, for anode GDLs, the thinner GDLs are preferred to enhance the 
diffusion of water vapour at the anode and consequently increase the water 
concentration at the cathode, and this improvement is more significant with the 
hydrogen relative humidity increases. 
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Chapter 4: Numerical investigations on 
the local performance of flow channels in 
AB-PEMFCs 
Summary 
A 3D VOF model for an anode channel in an AB-PEMFC has been built in this 
chapter. The effects of the initial position of the water droplet, its size as well as the 
wettability of the GDL are investigated under different operating conditions. It is 
found that the initial position of the relatively small water droplet in the channel has 
almost no effect on the pressure drop and the time taken for the liquid water to move 
out from the channel; however, such effects become more profound as the size of 
the water droplet increases. Also, when the droplet is placed at the side wall of the 
channel, then it develops into pockets of water that are mainly located at the upper 
corners of the channel, thus causing a smaller pressure drop compared to the cases 
in which the water droplet is placed either on the surface of the GDL or on the top 
wall of the channel. Furthermore, the hydrogen velocity is found to have a 
negligible effect on the dynamics of liquid water; however, the pressure drop and 
removal time are significantly influenced by the hydrogen velocity. Moreover, as 
the size of the water droplet increases, the pressure drop increases and the time 
required for the liquid water to move out of the channel decreases. Finally, the 
pressure drop in the channel decreases and the removal time of the liquid water 
increases as the contact angle of the GDL decreases.   
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4.1 Introduction 
Most VOF studies in PEMFCs have focused on the flooding in the cathode channels 
which is commonly-encountered in PEMFCs as water is produced at the cathode. 
However there is no cathode gas channel in AB-PEMFCs since the cathode is open 
to the ambient air, and some visualization experiments have showed that, under 
some certain operating conditions, e.g. low current densities and high relative 
humidity, flooding can occur in the anode gas channel [108–110]. In the cathode 
compartment, liquid water emerges from the GDL pores. While in the anode 
channel, liquid water can be either (i) the produced within the anode channel 
through condensation of water vapour at the walls of the channel where the 
temperature is lower than that of the GDL surface, or (ii) the transferred from the 
cathode side through the membrane by back diffusion and pressure difference [111]. 
Ge and Wang [62] were the first to present visualization results of the flooding in 
the anode channel. Their results showed that water was prone to condense on the 
channel walls rather than inside the hydrophobic GDL. In addition, they found that 
hydrophilic anode GDLs could alleviate anode channel flooding. Lee and Bae [112] 
compared water flooding at both the anode and the cathode by employing a 
transparent fuel cell. They found that flooding at the anode was more significant 
than that at the cathode and this was attributed to the relatively high rate of back 
diffusion and low flow rate of hydrogen. Ferreira et al. [113] numerically 
investigated the two-phase flow in the anode channel by adopting the VOF model. 
They placed a water droplet on the top wall of the channel at the start of the 
simulations and subsequently studied the effects of the hydrogen velocity, operating 
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temperature and the channel walls wettability on the droplet. Hou et al. [114] built 
a VOF model for alkaline membrane fuel cells and investigated the sensitivity of 
liquid water removal to the geometry of the flow channels at both the anode and 
cathode sides. However, in their study, a single droplet was placed at the surface of 
the GDL at the anode side where water is generated in this type of fuel cell. 
In previous studies, the effects of the initial position of the water droplet and the 
GDL wettability at the anode have not been investigated. Unlike the cathode 
channel, the initial position of the water droplets in the anode channel is more 
unpredictable. Therefore, a 3D VOF model is built in this study to investigate the 
sensitivity of the dynamics of the liquid water droplet to the initial position in the 
anode flow channel. Also, the effects of the size of the droplet and the hydrogen 
velocity are investigated. Further, the effects of the anode GDL wettability on the 
dynamics of liquid water droplet, average pressure drop and water removal time are 
investigated. Such investigations are important as they provide insights on how one 
could design fuel cell components which mitigate water flooding at the anode of 
the fuel cell. 
4.2 Numerical model 
Fig. 4-1 shows a schematic of the 3D computational domain considered in this study. 
It contains a straight gas channel with a 1 mm × 0.5 mm rectangular cross section 
and 5 mm length. The cross sectional area, namely 1 mm × 0.5 mm, of the channel 
was chosen because it is commonly used in commercial products. Further, the 
channel length of 5 mm is chosen since it is found to be long enough for the multi-
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phase flow to be fully developed and to cover all the possible dynamics of the liquid 
water such as detachment. To this end, modelling the entire channel is unnecessary, 
especially when bearing in mind that it requires much larger computational time. 
The bottom surface represents the surface of the GDL while the other sides 
represent the walls of the flow channel. 
 
Figure 4-1 A schematic diagram of the modelled anode channel. 
 
The boundary conditions used for the model are the velocity-inlet for the inlet of 
the channel and pressure-outlet for the outlet of the channel. Apart from the 
boundary conditions assigned at the inlet and the outlet of the channel, other 
surfaces are treated as a “wall” so that different values of the contact angle can be 
set for each surface. The consumption of hydrogen due to the anodic 
electrochemical reaction is neglected in the model. This simplification is widely 
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used when modelling two-phase flow in fuel cell channels as this would not affect 
the dynamics of the liquid water in the channel which is the focus of such studies 
[68,69,115]. A 25 cm2 PEM fuel cell operating at 0.5 A cm-2, 80 °C and hydrogen 
stoichiometric ratio of 1.2 are chosen for the simulation of the base case. These 
were found to be conditions at which anode flooding occurs [112]. Based on the 
above conditions, the velocity of the inlet gas, which is a mixture of water vapour 
and hydrogen, is calculated to be 2 m s-1, and all the physical parameters considered 
in the model are listed in Table 4-1. In this study, fully humidified hydrogen is 
chosen for all simulations as this will most likely cause anode flooding. 
The simulations in this study are run using ANSYS FLUENT 18.2. The pressure-
based solver is employed in the model. It should be noted that the Reynolds and 
Bond numbers were found to be small for all simulated cases: less than 103 and 0.1, 
respectively. Therefore, the laminar viscous model has been selected and the gravity 
effect has been neglected. 
Table 4-1 Values of the parameters applied in the VOF model. Unless otherwise 
stated, the values of the parameters are taken from [113]. 
Parameter  Value 
Temperature 353 K  
Inlet velocity 2 m s-1 
Ambient pressure 101,325 Pa 
Outlet pressure 0 Pa (gauge) 
Gas density 6.877 × 10-2 kg m-3 
Liquid water density 971.8 kg m-3 
Gas viscosity 9.995 × 10-6 Pa s 
Liquid water viscosity 3.544 × 10-8 Pa s 
Surface tension 6.267 × 10-2 N m-1 
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A computational domain consisting of 96,526 cells is employed in this study. Grid 
independency is tested by decreasing and increasing this number by 20%; the 
changes in the velocity profile and pressure drop were found to be negligible, thus 
indicating grid independency. The time step is set to be 10-6 s and therefore the 
global Courant number is less than 2. Different time steps, i.e. between 10-7 s and 
10-5 s, have been also tested in the model, and the time step of 10-6 s was found to 
be a suitable trade-off between the accuracy and computational time.  
Table 4-2 The computation cases investigated in the VOF model. 
Case 
Contact angle (°) Droplet 
Operation 
condition 
GDL 
Channel 
walls 
Diameter 
(mm) 
Location 
(mm) 
Distance 
(mm) 
Hydrogen 
velocity 
(m/s) 
1 140 45 0.5 Top wall 1 2 
2 140 45 0.5 Side wall 1 2 
3 140 45 0.5 GDL 1 2 
4 140 45 0.5 Top wall 1 1 
5 140 45 0.5 Side wall 1 1 
6 140 45 0.5 GDL 1 1 
7 140 45 0.5 Top wall 1 3 
8 140 45 0.5 Side wall 1 3 
9 140 45 0.5 GDL 1 3 
10 140 45 0.5 Top wall 3 2 
11 140 45 0.5 Side wall 3 2 
12 140 45 0.5 GDL 3 2 
13 140 45 1 Top wall 1 2 
14 140 45 1 GDL 1 2 
15 10 45 1 Top wall 1 2 
16 30 45 1 Top wall 1 2 
17 45 45 1 Top wall 1 2 
18 60 45 1 Top wall 1 2 
19 90 45 1 Top wall 1 2 
20 120 45 1 Top wall 1 2 
21 170 45 1 Top wall 1 2 
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4.3 Results and discussion    
In this study, the effects of the initial position of the water droplet, its size and the 
wettability of the GDL surface are investigated. Table 4-2 shows all the cases 
investigated, detailing the contact angles for the GDL and walls of the channel, the 
size of the water droplet, the hydrogen velocity, the position of the water droplet 
and its distance from the inlet. Case 1 is the baseline case where a hydrophobic 
GDL and a hydrophilic channel are chosen. Although different sizes were 
considered for the droplet and the channel, the results for Cases 1,4,7 and 13 were 
shown to be in good agreement with those of Ferreira et al. [113]. 
4.3.1 Droplet initial position 
The same size droplets are placed on the top wall, side wall and GDL surface in 
order to investigate the sensitivity of the liquid water dynamics to the initial position 
of the water droplet. The initial position of the water droplet is selected to signify 
how water flooding is initiated. For example, the case where the droplet is placed 
on the GDL surface signifies that water flooding is attributed to the water transfer 
from the cathode to the anode by back diffusion and pressure difference. Fig. 4-2 
shows the water dynamics for the Cases 1-3. It should be noted that the droplet in 
all the cases is assumed to be a hemisphere. For the baseline case, i.e. Case 1, where 
the water droplet is placed on the top wall of the channel, it can be observed that 
the droplet first spreads, thus increasing the contact area, and then it moves to the 
outlet along the top wall. As will be shown in the next section, the spread of the 
water droplet increases as the droplet size increases. For Case 2, where the droplet 
is placed on the side wall, the droplet first spreads to both the top wall and the GDL  
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Figure 4-2 The dynamics of liquid water droplet for different initial positions: (a) 
top wall, (b) side wall and (c) GDL surface. The distance from the inlet is 1 mm. 
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surface. Since the GDL surface is hydrophobic, liquid water moves away from the 
GDL and moves to the upper corner of the channel. When all the water has reached 
the upper corner, the water forms a narrow and long film, and moves to the outlet 
along the corner. For a droplet placed on the GDL surface, the droplet first detaches 
from the GDL surface because of the hydrophobic nature of that surface. The 
droplet then reaches the top wall and flattens as it moves towards the outlet. It can 
be seen that the difference in the water dynamics between Cases 1 and 3 is small. 
However in Case 3, the water droplet collides with the top wall; such a collision is, 
as will be shown in the next section, more profound as the size of water droplet 
increases. 
In order to obtain some quantitative differences between the above cases, Fig. 4-
3(a) presents the average volume fraction of the water and the pressure drop for 
Cases 1-3 as a function of time. When correlated with time, the average volume 
fraction of water gives insight into how quickly the liquid water is removed from 
the channel. As shown in Fig. 4-3(a), the shortest time to move out of the channel 
(~130 ms) is taken by the droplet that is initially placed at the top wall of the channel, 
i.e. Case 1. The droplet on the GDL surface takes a longer time to reach the outlet 
since it first experiences a detachment from the GDL surface and a collision with 
the top wall of the channel before forming a film. On the other hand, in these three 
cases the longest time to move out of the channel is taken by the droplet that is 
initially placed at the side wall of the channel and this is mainly because of the 
elongated shape of the forming film. Fig. 4-3(b) shows the pressure drop for these 
three cases. The difference in the pressure drop between the case where the droplet  
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Figure 4-3 The average volume fraction of the water and (b) the pressure drop in 
the channel as functions of time. 
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is placed on the top wall and the case where the water droplet is placed on the GDL 
surface is small because the dynamics of the liquid water in both cases is similar. 
However, in Case 2, where the water droplet is placed at the side wall of the channel, 
a smaller pressure drop occurs since the forming water film occupies less cross-
section area of the channel.  
In addition to Fig. 4-3, Fig. 4-4 shows the cross-section of the channel at the 
moment when the water film is fully developed and the fraction of liquid water is a 
maximum. The fractions of liquid water occupying the cross-section is almost the 
same for Cases 1 and 3, and this explains why the pressure drop is more or less the 
same for these two cases (see Fig. 4-3(b)). On the other hand, the fraction of liquid 
water occupying the cross-section is the lowest for Case 2 and this is in agreement 
with lowest pressure drop occurring in this case. 
 
Figure 4-4 The cross-section for different initial positions: (a) top wall, (b) side 
wall and (c) GDL surface. 
 
The effects of the distance of the droplet from the inlet on the dynamics of the liquid 
water is also investigated by changing it from 1 mm to 3 mm (Cases 10-12). Fig. 4-
5 shows that the dynamics of the liquid water droplets for Cases 10-12 are similar 
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to those of Cases 1-3, thus indicating the negligible effects of the investigated 
variable, i.e. the distance from the inlet, on the dynamics of liquid water droplets.  
 
Figure 4-5 The water dynamics of the liquid water droplet for different initial 
positions on: (a) top wall, (b) side wall and (c) GDL surface. The distance of the 
droplet from the inlet is 3 mm. 
 
4.3.2 Operation condition 
The velocity of hydrogen has been changed in Cases 4-8 in order to represent 
different operation conditions; the operating current density dictates the velocity of 
the reactant gas. It was found that the dynamics of the water was only slightly 
influenced by the velocity of the hydrogen — the dynamics of the water in these 
cases was similar to those presented in Fig. 4-2 and therefore these results have not 
been presented. However, the hydrogen velocity has a significant effect on the 
water removal time and pressure drop in the channel; see Fig. 4-6 which shows the  
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removal time for the water and the average pressure drop in the channel as functions 
of the hydrogen velocity for the Cases 1-9. 
 
Figure 4-6 (a) The removal time of water and (b) the average pressure drop in the 
channel as functions of the hydrogen velocity. 
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The removal time decreases with increasing the hydrogen velocity. One can also 
observe that the average pressure drop increases as the velocity increases. It should 
be noted that, under any operating condition, the droplet placed on the side wall 
causes a smaller pressure drop compared to the cases in which the water droplet is 
placed either on the surface of the GDL or on the top wall of the channel; however, 
it requires a longer time to move out of the channel. 
4.3.3 Droplet size 
At the anode flow channel, water vapour may condense at different locations in the 
flow channel, thus forming water droplets. These droplets are likely to coalesce and 
form larger droplets. Due to this, different sizes of the droplet can be employed to 
represent different levels of severity of water flooding. Therefore, it is of interest to 
investigate the sensitivity of the dynamics of the liquid water in the anode flow 
channel to the size of the water droplet. It should be noted that the dynamics of the 
large droplet placed at the side wall was found to be more or less the same as that 
of the small droplet, see Fig. 4-2(b), and therefore it has not been presented in Fig. 
4-7. In the cases discussed in the previous section, 0.5 mm diameter droplets are 
employed; however, larger droplets (i.e. 1 mm diameter) are used in Cases 13 and 
14 and placed on the top wall and GDL surface, respectively. 
Fig. 4-7 shows the water dynamics for the 1 mm water droplets. Fig. 4-7(a) shows 
the water droplet placed at the top wall of the channel, due to its relatively large 
size and the hydrophilicity of the surfaces of the channel, spreads to the side walls 
of the channel before moving towards the outlet. For the droplet placed on the GDL 
surface, see Fig. 4-7(b), the droplet, due to the hydrophobicity of the GDL, moves 
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towards and collides with the top wall of the channel, thus causing the droplet to 
flatten and disperse over a large area on the top and side walls of the channels.  
 
Figure 4-7 The water dynamics of 1 mm water droplets placed on: (a) top wall 
and (b) GDL surface. 
Fig. 4-8(b) shows the pressure drop for the Cases 13 and 14. It can be seen that the 
pressure drop for the case in which the water droplet is initially placed on the GDL 
surface, i.e. Case 14, is smaller than that of the case in which the water droplet is 
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initially placed on the top wall (Case 13). This could be attributed to the observation 
that the extent of the dispersion of the liquid water in Case 14 is higher than that of 
Case 13. 
 
Figure 4-8 (a) The average volume fraction of water and (b) the pressure drop in 
the gas channel as functions of time. 
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The larger droplet placed on the top wall of the channel causes a larger pressure 
drop compared to the corresponding smaller droplet before being removed from the 
channel; see Fig. 4-3(b) and Fig. 4-8(b). Fig. 4-8(a) displays the average volume 
fraction of the water as a function of time for the Cases 13 and 14. Compared with 
the results shown in Fig. 4-3(a), it can be seen that larger droplets require less time 
to move out from the channel. In order to explain this, velocity vectors of the gas 
over the surface of the small droplet in Case 1 and over the surface of the larger 
droplet in Case 13 are generated.  
 
Figure 4-9 The velocity profile over the surface of the small droplet (left) and 
large droplet (right) (a) at the beginning of the simulation and (b) towards the end 
of the simulation. 
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It is clear that the gas velocity values over the surface of the larger droplet are 
significantly larger than those over the surface of the smaller droplet, see Fig. 4-9. 
This is due to the fact that the larger droplet occupies a larger cross-section of the 
channel, thus resulting in a higher velocity and subsequently a faster removal from 
the channel. 
4.3.4 GDL wettability 
Cases 15 – 21 are investigated in order to study the effect of the GDL wettability 
on the dynamics of the liquid water. In these cases, a single droplet with a diameter 
1 mm is placed on the top wall. The diameter of 1 mm was chosen since the 0.5 mm 
water droplet placed on the top wall was shown not to contact the GDL surface, see 
Fig. 4-2, thus rendering the investigation of the effects of the GDL wettability not 
possible. The low contact angles in Cases 15-18 represent hydrophilic GDLs which 
have been recently employed in practical fuel cells as shown in [62]. 
Fig. 4-10 shows the water dynamics for three selected cases, namely Cases 15, 16 
and 21. The dynamics of the other cases, i.e. Cases 17-20, are not presented since 
the dynamics of the liquid water in these cases were shown to be similar to the 
above-investigated cases. However their results, along with those of Cases 15, 16 
and 21, were used to generate the Fig. 4-11. 
For the case in which the contact angle of the GDL is 10°, the droplet spreads over 
the GDL surface and, in particular, near the lower corners of the channel and this 
is, compared to those of the top and sides walls of the channel, clearly due to the 
super-hydrophilicity of the GDL surface. It should be noted that the strong adhesion  
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Figure 4-10 The water dynamics with different GDL contact angles: (a) 10°, (b) 
30° and (c) 170°. 
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force between the liquid water and the surface of the GDL in the above case results 
in creating elongated pockets of liquid water. In Case 16, as the difference in the 
contact angles between the walls of the channel (45°) and the GDL (30°) is 
relatively small, the initial liquid water droplet splits into four portions that are 
mainly positioned at the four corners of the channel. For the case in which the 
contact angle of the GDL is 170°, the dynamics of the liquid water is similar to that 
of the case in which the contact angle of the GDL is 140°, i.e. Fig. 4-7(a). 
Fig. 4-11(a) shows the time taken for the liquid water to move out from the flow 
channel as a function of the GDL contact angle. The liquid water requires more 
time to move out from the channel as the contact angle decreases and this is due to 
the relatively strong adhesion force between the liquid water and the surface of the 
GDL. Fig. 4-11(b) shows the pressure drop averaged over the time taken for the 
liquid water to move out from the channel. Overall, it can be observed that the 
pressure drop decreases as the contact angle decreases and this is due to the 
increasing extent of the spreading of the liquid water over the surfaces of the 
channel and the GDL with decreasing GDL contact angle; this is in agreement with 
the previous experimental observations [112]. However the super-hydrophilic GDL, 
where the contact angle is 10°, increases the pressure drop in the channel. Bearing 
in mind that the pressure is averaged over the removal time, and this is attributed to 
the relatively long time taken by the liquid water to move out of the channel for the 
above case, i.e. the case in which the contact of the GDL is 10°.  In commercial fuel 
cell products, with a more hydrophilic GDL surface, liquid water is more likely to 
accumulate and form big droplets due to the longer removal time. Although a single 
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droplet in this kind of channel may cause a relatively low pressure droplet (Fig. 4-
11(b)), the big accumulated droplet can lead to an extensive pressure drop and even 
cause a blockage. So the trade-off between the pressure drop and the removal time 
should be considered when designing practical products.  
 
Figure 4-11 (a) The removal time for the water and (b) the average pressure drop in the 
channel as functions of the GDL contact angle. 
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4.4 Conclusions    
In this chapter, a 3D VOF model has been developed for anode channels in AB-
PEMFCs. The main purpose of this study is to examine the effects of the initial 
position of a water droplet, its size and the GDL wettability on the dynamics of the 
liquid water as it moves out of the flow channel. The findings of the study provide 
insightful information when designing fuel cells which are vulnerable to water 
flooding at their anode. The main conclusions are as follows: 
• The time taken for the liquid water droplet to move out from the channel 
and the pressure drop caused are almost insensitive to the initial position of the 
water droplet in the flow channel.  
• The water droplet, initially placed at the surface of a typical hydrophobic 
GDL, detaches from the GDL surface and collides with the top wall of the 
channel, thus causing relatively more dispersion of the liquid water. This 
phenomena becomes more profound as the size of the water droplet increases.  
• The droplet that is initially placed on the side wall of the channel develops 
into elongated pockets of water that is mainly located near the upper corners of 
the channel. This leads to a smaller pressure drop but more time for the water to 
move out of the channel compared to the cases in which the water droplet is 
initially placed on the top wall of the channel or the surface of the GDL.  
• The distance between the initial position of the water droplet and the inlet 
of the channel has almost a negligible effect on the dynamics of liquid water. 
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• The dynamics of the liquid water is almost independent of the hydrogen 
velocity; however, the latter has a significant effect on the removal time and the 
pressure drop in the channel.    
• As the water droplet size increases, the velocity profile over the surface of 
the droplet increases, thus leading to less time required for the liquid water to 
move out of the channel.  However, the pressure drop in the channel increases 
with increasing droplet size. 
• For relatively large droplets, the pressure drop generally decreases with 
decreasing contact angle of the GDL. However, due to the strong adhesion 
forces, the time required to clear the channel from liquid water increases with 
decreasing GDL contact angle.  
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Chapter 5: Experimental studies on GDL 
stacks 
Summary 
The thickness of GDLs is found to be important in determining the performance of 
AB-PEMFCs in previous modelling investigations. In order to produce the GDLs 
with different thicknesses, stacking of several GDL layers is an appropriate choice. 
In this chapter, the effect of stacking on through-plane permeability is investigated. 
By combining some single GDL layers, different GDL stacks are prepared and then 
tested in the permeability setup. In addition to stacking, the effect of contact 
tightness between each layer in the GDL stacks is discussed. The results show that 
stacking has a negligible influence on the overall through-plane permeability and a 
tighter contact can slightly increase the permeability of the GDL stack.    
5.1 Introduction 
Gas permeability is a key property of GDLs since it largely influences gas flow 
through GDLs. The gas permeability of a GDL can be divided into the in-plane 
permeability and through-plane permeability [116,117], and due to its importance 
in determining the convective flow in the GDLs, many studies have been conducted 
to investigate the permeability of different GDLs. 
Ismail et al. [119] studied the effect of PTFE treatment on the through-plane 
permeability of the tested GDLs. It was found that there exists an optimum amount 
of PTFE (i.e. 5% by weight) at which the through-plane permeability of the GDL 
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is a maximum, meaning that a relative small amount of PTFE can improve the 
through-plane permeability of the GDL. Further, the same research group has 
conducted a series of experiments in order to study the through-plane permeability 
of the MPL in the GDL [77,120]. In general, the coating of the MPL layer is found 
to decrease the overall permeability of the GDL, and the carbon loading 
significantly influences the permeability of the MPL layer. In addition to 
experimental studies, some research groups have proposed multidimensional 
models to study the GDL permeability. Tamayol et al. [121] came up with an 
analytical model for the GDL, where the in-plane permeability of the GDL was a 
function of the porosity and fibre diameter. Shou et al. [122] proposed a numerical 
model for mass flows through GDLs based on the scaling estimate approach and 
the mixing law and the permeability calculated from this model was validated by 
experimental results. They found that the fibre arrangement and porosity are very 
important in determining the permeability of the GDLs. Further, some models 
considered the effect of MPL penetration on the gas permeability [123–125].   
However, all the above studies have measured the permeability of a single GDL 
sample. In this research, experiments on the through-plane permeability of the GDL 
stacks are conducted. The stacking of GDLs may increase the mass transfer 
resistance and this is because of gaps presents between the GDL samples. The 
permeability of GDL stacks with various number of samples have been measured 
and compared in order to find the effect of stacking.  
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5.2 Experimental setup and method 
5.2.1 Experimental setup 
 
 
Figure 5-1 A photograph of the through-plane gas permeability setup. 
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Figure 5-2 A schematic of the through-plane gas permeability setup [119]. 
 
A photograph and the schematic diagram of the experimental setup are shown in 
Fig. 5-1 and Fig. 5-2, respectively. The setup mainly consists of upstream and 
downstream fixtures. Nitrogen enters the setup through the upstream fixtures and 
then flow across the sample, which is fixed between these two fixtures. The flow 
rate is measured and controlled by a digital flow controller (Teledyne Hastings, 
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HFC-202) with a range of 0.0-0.1 SLPM. By employing the differential pressure 
sensor (Omega, PX 653) with a range of ±12.5 Pa, the pressure drop across the 
tested sample is measured. The stacks tested in this experiment are composed of 
several circular GDL samples and the diameter of a single GDL sample is 25 mm. 
It should be noted that the diameter of the GDL sample or stack placed between 
two fixtures is only 20 mm.  
5.2.2 Sample preparation 
The samples used in this experiment were SIGRACET 39 BA (SGL Carbon, 
Germany). A typical SEM image for SGL BA sample is shown in Fig. 5-3. It can 
be seen that BA series have some PTFE coated on the carbon fibres.  
 
Figure 5-3 A typical SEM image for a SGL BA sample [119]. 
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Ten circular samples with 25mm diameter were cut out from a large sheet of SGL 
39BA (45 x 40 cm), and the thicknesses of these samples were measured by a 
micrometre. The thicknesses of these samples are shown in Table 5-1. In the 
experiment, GDL stacks consisting of 1,2,3,4 and 5 layers have been prepared and 
tested for permeability. For each stack, five random combinations of the samples 
have been tested to calculate the average gas permeability. 
 
Table 5-1 Thicknesses of the GDL samples used in the gas permeability 
experiment. 
Sample 1 2 3 4 5 
Thickness 
(mm) 
0.265 0.270 0.280 0.293 0.274 
Sample 6 7 8 9 10 
Thickness 
(mm) 
0.283 0.285 0.291 0.271 0.269 
 
5.2.3 Data analysis 
Because the flow rates are relatively small enough, the flow through the samples 
can be described by Darcy’s law: 
−∇𝑝 =
𝜇
𝐾
𝑣                             (5-1) 
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where 𝑝 is the pressure, 𝜇 and v are the dynamic viscosity and velocity of the 
nitrogen flowing through the samples, and 𝐾 is the through-plan permeability of the 
tested stacks. The velocity v can be calculated by: 
𝑣 =
?̇?
𝐴
                                         (5-2) 
where ?̇? is the volumetric flow rate of the nitrogen and 𝐴 is the area of the samples 
that are exposed to the nitrogen flow. 
Based on above equations, the gas permeability can be calculated by: 
𝐾 =
𝜇𝛿𝑣
∆𝑝
=
𝜇𝛿?̇?
∆𝑝𝐴
                                                  (5-3) 
where 𝛿 is the thickness of the tested GDL stack and ∆𝑝 is the pressure drop across 
the GDL stack recorded by the differential pressure sensor.  
The through-plane permeability was calculated at different flow rates and 
corresponding pressure drops and then the average value of permeability was 
obtained.  
5.3 Results and discussion    
5.3.1 Effect of stacking 
Fig. 5-4 shows the pressure drop through the stack as a function of the nitrogen 
velocity. It should be noted that the velocity was sufficiently small and thus the 
pressure loss caused by inertia was neglected in the experiment. The permeability 
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was calculated by using Darcy’s law, i.e. Eq. 5-3. Table 5-2 shows the calculated 
through-plane permeability for the tested stacks in the experiment. It is clear that, 
within the limits of the experimental error, the differences between the permeability 
of the various tested stacks are negligible. Although the 95% confidence interval is 
generally larger for the stacks with more samples, the average value of the 
permeability for the tested stacks are almost the same, which means that the 
stacking has a little influence on the through-plane permeability of the GDL 
material. 
 
Figure 5-4 The pressure drop as a function of the nitrogen velocity for 
different GDL stacks. 
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Table 5-2 Through-plane permeability for the tested stacks 
Stack type Through-plane permeability (10-11 m2) 
Single layer 4.28 ± 0.15 
Two layers 4.30 ± 0.21  
Three layers 4.29 ± 0.24 
Four layers 4.28 ± 0.22 
Five layers 4.29± 0.26 
 
5.3.2 Effect of contact tightness 
The sensitivity of the through-plane permeability to the tightness on the GDL stack 
induced by the fixtures of the setup was investigated with the five-sample stacks. 
To achieve this, 2 cases were set. In the first case, the stack was placed loosely 
between the 2 fixtures and the corresponding permeability was calculated. In the 
second case, the stack was tightened between the 2 fixtures and the corresponding 
through-plane permeability was calculated. Fig. 5-5 shows the pressure drop across 
the stack as a function of the nitrogen velocity for these two cases. It can be seen 
that the “loose” arrangement slightly increases the pressure drop for all the nitrogen 
velocities. The calculated through-plane gas permeability for the GDL stack with a 
tight contact is 4.36×10-11 m2, while the calculated permeability for the stack with 
a loose contact is 4.28×10-11 m2. The reason behind this may be that the increased 
tightness may have caused some damage to the GDL stack; thus creating some 
cracks and subsequently resulting in increasing the gas permeability of the GDL. 
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Figure 5-5 The pressure drop as a function of the nitrogen velocity for different 
contact situations. 
 
5.4 Conclusions 
Unlike the previously conducted experiments, the gas permeability experiment for 
GDL stacks by varying the number of samples is measured. The main conclusions 
are as follows: 
• The stacking of the layers has little influence on the overall gas permeability 
of the GDL stack. This shows that placing GDL stacks inside fuel cells may be 
technically feasible. 
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• Increasing the tightness of the contact between the GDL stacks and the 
fixtures of the setup may lead to the creation of some damage to the structure of the 
stacks and consequently result in increasing the gas permeability of the GDL stack.   
Chapter 5 
 
110 
 
 
Chapter 6 
 
111 
 
Chapter 6: Conclusions and future work 
Summary 
In this chapter, a summary of the conclusions is presented in Section 6.1 and the 
suggestions for future work are recommended in Section 6.2. 
6.1 Conclusions 
The AB-PEMFC is an ideal choice to work as batteries in portable applications. 
The main limitations in this FC are the relative low performance and the water 
management problem. In this thesis, both experimental and modelling work have 
been conducted to improve the overall performance of the AB-PEMFC and the 
local performance of some components employed in the AB-PEMFC. The main 
conclusions are as follows: 
6.1.1 Overall performance of AB-PEMFCs 
Unlike conventional PEMFCs, the performance limiting mode of AB-PEMFCs is 
dictated by the heat transfer coefficient: dry-out of the membrane with relatively low 
heat transfer coefficient and water flooding with a relatively high heat transfer 
coefficient. 
In addition to the components employed in AB-PEMFCs, the operating condition 
is found to be closely related to the performance of the AB-PEMFCs. Among the 
different operating conditions, such as ambient temperature and relative humidity, 
hydrogen relative humidity is found to be more effective in improving the overall 
performance of the AB-PEMFC, and this improvement is not influenced by any 
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other operating conditions. Further, the increase in the hydrogen relative humidity 
will not cause water flooding at high current densities in the AB-PEMFC. 
6.1.2 Flow channels for AB-PEMFCs 
In the anode flow channel of the AB-PEMFC, the time taken for the water droplet 
to move out from the channel and the pressure drop caused are almost insensitive 
to the initial position, however the dynamics of the droplets is closely related to the 
initial position. On the contrary, the size of the water droplet is found to have a 
negligible effect on the water dynamics while it will largely influence the removal 
time and pressure drop through the channel. 
The hydrogen velocity has little influence on the water dynamics in the anode 
channel, but it will largely change the removal time and the pressure drop through 
the channel. The decrease of the contact angle of the GDL surface leads to the 
decrease in the pressure drop in the anode flow channel. However, the removal time 
for the water droplet increases with decreasing GDL contact angle, and this is 
because of the strong adhesion forces. 
6.1.3 GDLs employed in AB-PEMFCs 
The GDL is found to be very important in AB-PEMFCs. In general, there is an 
optimal thickness for the cathode GDL in order to maintain high concentrations of 
both oxygen and water vapour at the cathode catalyst layer. While for anode GDLs, 
the thinner GDLs are preferred to enhance the diffusion of water vapour at the anode 
and this improvement is more significant when the relative humidity of the 
hydrogen is higher. 
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In order to produce the GDLs with different thicknesses, stacking of several GDL 
layers is a considerable choice. The stacking of the GDL layers has almost no effect 
on the through-plane permeability of the whole stack. In addition, the permeability 
of the stack can be slightly increased by employing a more tighter contact between 
each layer in the stack. These findings show that, in order to produce GDLs with 
different thicknesses, the use of GDL stacks may be a technically feasible choice. 
6.2 Suggestions for future work 
There is still a wide gap from the full commercialization of AB-PEMFCs into the 
markets. The future work for AB-PEMFCs should focus on both the operating 
conditions and the components for AB-PEMFCs. 
6.2.1 The operating condition for AB-PEMFCs 
The performance of AB-PEMFCs is largely influenced by the operating condition. 
Further investigations should consider the combination of the modelling and 
experimental work under different operating conditions for AB-PEMFCs. Further, 
system studies on how to control the operating condition for the AB-PEMFCs in 
real portable devices should be conducted, since this type of fuel cell is very 
sensitive to the working conditions and the changes in the conditions significantly 
influences the stability of the AB-PEMFC system. 
6.2.2 The components employed in AB-PEMFCs   
The increase of hydrogen RH is found to be effective in improving the performance 
of AB-PEMFCs, and this can be attributed to the improvement of the membrane 
hydration level at high current densities. In addition to hydrogen RH, other methods 
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related to the design of the components to improve the water concentration of the 
membrane in AB-PEMFCs could be investigated. For example, direct liquid 
injection and pre-treatment of the membrane. In addition, the transport of the 
produced water from the cathode to the membrane may be a feasible and effective 
method. This is because it can improve the hydration level of the membrane and 
solve the flooding problem at the cathode.    
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